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MAGMAS 
BY NORMAN L. BOWEN 
(Address as Retiring President of The Geological Society of America) 


INTRODUCTION 


Magmas are the stuff of which the igneous rocks are born. It would be splendid 
if I could here and now proceed briefly to tell you all about magmas. That, of 
course, cannot be done, but it would not be unreasonable to expect that one who has 
spent the better part of a rather long life in the study of magmas could perhaps 
summarize what is known about them. Unfortunately, statements of what is 
known must of necessity be so wound about “with circumstance” that it is much 
easier to emphasize what is not known. There one can be, for the most part, thor- 
oughly dogmatic. Indeed, contemplation of our knowledge of magmas is not likely 
to put one in the mood of the lassie whose heart to her “mou’ gied a sten.” Not 
delight but despair might readily fill our beings were it not for the fact that in the 
scientific lexicon there is no such word as despair. We are never devoid of some 
hope that we shall eventually know everything. It may often be salutary, never- 
theless, to recognize the remoteness of that time and to take stock of our ignorance. 


DIVERGENCE OF VIEWS ON DEEP-SEATED ROCKS 


Our firsthand acquaintance with magmas is confined to observation of the molten 
‘rock or lava of volcanic eruptions. Many have supposed that this lava comes from 
molten reservoirs deep in the earth and that certain deep-seated crystalline rocks 
now laid bare by erosion have been formed by the congelation of the material of 
such reservoirs, a material substantially the same as the lavas that we observe di- 
rectly. Others assure us that nothing could be further from the truth, that there 
isno connection between volcanism and plutonism, or at least so they seem to assert. 
The issue was joined by Read with characteristic vigor when he stated that it was 
his opinion that “there was not a diorite in the whole earth’s crust which was a 
normal igneous rock” (Read, 1945, p. 82). A number of geologists, seemingly 
no less competent to judge, accept dioritic magmas without question, and con- 
sequently normal igneous diorite. Here is, then, an outstanding example of our 
lack of definite knowledge. Yet the great masses of andesitic rocks that occur in 
some regions of the earth cannot represent merely large-scale fulgurites. Though 
found at the surface, they do not seem to have been formed there by some external 
excitation. On the contrary, they seem to have come from beneath, and, if so, 
the molten material that they formerly were must have existed as a more or less 
deep-seated mass. Yet, if Read is correct, no such subterranean molten masses, 
hor any part of any one of them, can ever have been entrapped below and there have 
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crystallized as a diorite, and the deep-seated rocks of that composition have always 
been formed by soaking and transformation of other rocks which remained largely 
solid throughout the process. To account for the existence of andesitic lavas, it 
would seem to be necessary to give up this concept for at least some of the supposed 
soaked diorites. In view of the abundance of andesites it would seem to be neces- 
sary to admit the likelihood of a considerable amount of like magma entrapped in 
the crust and there crystallized as normal igneous diorite. Read is not without 
knowledge of such reasoning but chooses to regard it as pontificating. That there 
should be such wide differences of opinion among leaders of petrologic thought is a 
bit discouraging. 

We can, indeed, for rough purposes, separate petrologists into the pontiffs and the 
soaks. Yet, among the pontiffs who bear the stigma of magma, there are none who 
do not believe that magmas contain volatile constituents of which the principal 
is water, that these may emanate from the magma and give rise to a liquor that 
pervades the invaded rocks, transforming them at times into igneous-looking rocks, 
The difference between the pontiff and the soak is that the latter must have his 
liquor in lavish quantities on nearly all occasions, but the former handles his liquor 
like a gentleman; he can take it or leave it according to the indications of the in- 
dividual occasion, he can take it in moderation when it is so indicated, or again he 
can accept it in copious quantities and yet retain powers of sober contemplation of 
attendant circumstances. 

The difference of opinion just discussed is a wide difference, and there is little 
reason to believe that it will be resolved in the near future. We can, however, talk 
of magmas without resolving it, for even the more confirmed soaks admit that there 
are magmas, say a primary magma or perhaps primary magmas. There would be 
much less difference of opinion in petrology if we but knew whence these primary 
magmas come. 


SOURCE OF MAGMAS: COSMOGONIC ASPECTS OF THE PROBLEM 


The answer to the question of the source of magmas is inevitably bound up with 
questions of the constitution of the earth and harks back to problems of the origin 
of the earth. It is not so long since we were quite sure that the earth was oncea 
molten ball, that it had later acquired a frozen crust, and that molten magmas, 
throughout geologic time, had risen from the liquid interior, invading the crust, 
and at times pouring out on the surface. 

Advance of knowledge of the physical properties of the earth led to a revision 
of opinion as to the state of the interior, and this, together with other considerations, 
led to drastic revision of opinion on the origin of the earth. It is no part of my plan 
to describe in detail the ebb and flow of opinion on these questions. Suffice it to 
say that the nebular hypothesis was replaced by the tidal-disruption concept ad 
vanced by the geologist Chamberlin, who added, as a corollary, the slow growth, 
by accretion, of an earth always substantially solid, a feature which seemed necessary 
to explain the high rigidity of the earth as determined in the Michelson-Gale (1919) 
measurement (inspired by Chamberlin) of the crustal tide. This concept of the 
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collection of cold planetesimals was widely held for some time and then became less 
fashionable but, as we shall see, may be destined again to hold sway. The tidal 
disruption theory enjoyed a more sustained popularity and was developed further 
by astronomers in a form involving the condensation of the gaseous ejecta to a liquid 
condition—in short, a once-molten earth again. Finally a bomb was dropped into 
the situation when it was shown in a manner acceptable to most authorities on such 
matters that the products of tidal disruption could never collect; they would be 
infinitely dispersed. 

There ensued a period during which complete agnosticism prevailed, in the best 
circles, on the question of the origin of the earth and its associates in the solar system. 
Then C. F. von Weizsicker (1944) advanced a hypothesis that reminds us of Laplace 
in some respects, of Chamberlin in others. According to his suggestion, the primi- 
tive sun had a nebular shell having a mass one-tenth that of the central sun, which 
shell later assumed the form of an equatorial disc. The nebula of the disc was, as 
the central sun still is, 99 per cent H and He and only 1 per cent heavier elements. 
The heavier elements existed in the nebular disc as solid material dispersed through 
the gaseous H and He. Asa result of the development of vortices and of collision 
of the minute solid particles (planetesimals) there was collection of the planetesimals 
into the planets and their satellites, during which process nearly all the hydrogen 
and helium were dissipated into the depths of space. The hypothesis accounts 
for the distribution of angular momentum in the system and for the spacing of the 
planets. It is still only partially developed and checked, but the reviews are not 
unfavorable. The feature of the story of special interest to geologists is the col- 
lection of comparatively cold planetesimals to form the planets. Those who prefer 
a once-molten earth may still suppose that collection of the solid particles took 
place at such a rate that the heat of impact accumulated sufficiently to give a molten 


_mass. Others may prefer to adopt a Chamberlin earth. 


The responsibility of the astronomers for this aspect of our common problem is 
of course greater than our own. We stand in awe of their profound knowledge of 
the evolution of the stars. They speak with calm confidence of the composition 
and state of various layers in bodies thousands of light years removed. We wonder 
at this knowledge just as Mark Twain marvelled that they knew even the names of 
these remote heavenly bodies. Yet definite knowledge of the early development 
of the planet on which we live is altogether lacking. 

This situation is emphasized by Shapley (1945) when he makes a suggestion which 
he confesses “really amounts to saying that the planets and satellites are as we find 
them and move as they do because they were born that way.” But Shapley is 
a bit of a wag himself, and geologists might well be pardoned if they supposed that 
he did not expect to be taken any more seriously than did Clemens. Yet geologists 
should recognize that, while they are, and rightly so, wedded to the doctrine of 
causality, there are other realms in which events are controlled more obviously by 
statistical probability (Langmuir, 1943); in other words, they just happen; and it 
may be necessary to accept such reasoning in questions of cosmogony. 

There is but one conclusion that must inevitably be drawn from these considera- 
tions. No satisfactory basis can be found in existing cosmogony for any theory 
of the origin of magmas. 
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SOURCE OF MAGMAS: THE THERMAL PROBLEM; THE ATOM 
BECOMES THE EUTOM 


While cosmogonic theories rose and fell there was steady development in our 
knowledge of the constitution of matter, which was necessarily reflected in current 
cosmogony. The Laplace-Kelvin earth placed us in a quandary. It could not 
retain as much heat as the thermal gradient indicated if it were more than some 20 
million years old. Organic evolution required a longer period. For the Chamberlin 
earth it was necessary to assume a great supply of heat from central compression, 
The difficulties disappeared; an abundance of heat and therefore an abundance of 
time was placed at our disposal, with the discovery at the turn of the century of the 
spontaneous disintegration of certain atoms. Indeed this discovery told us just 
how much time was at our disposal, for the unstable atoms supplied us with a geo- 
logic clock. Other atoms normally stable can be converted into unstable modifica- 
tions by proper bombardment, and atomic effects, such as that described as the 
“carbon cycle,” have been called into service in order to keep the sun itself warm. 
The atom, still a useful concept to the chemist even in its strict etymological signifi- 
cance, has become the eutom in the hands of the physicists. 

The story is a complicated one and has no place here, even if it were possible 
for me to tell it properly. Suffice it to say that we have an abundant supply of 
solar heat to account for sensibly uniform conditions on the earth’s surface for a 
billion years or more, and of earth heat to account for the observed thermal gradient 
and for igneous activity. Indeed there seems to be an excessive terrestrial supply. 
Present indications of the quantity of radioactive material in rocks and present knowl- 
edge of the geothermal gradient suggest that the earth is not losing heat as fast as 
it is manufacturing it. However, the newer determinations tend to reduce the earlier 
values for radioactive elements in rocks, and this situation may be resolved. Per- 
haps, too, we may be relieved of some of the heat inherited from a supposed molten 
earth if the earth really formed from cold planetesimals and they accumulated suf- 
ficiently slowly. 


SOURCE OF MAGMAS: GEOPHYSICAL AND PETROLOGIC 
ASPECTS OF THE PROBLEM 


The answers to the questions why magmas come and whence they come must 
be sought in our knowledge of the present properties of the earth and the evidence 
of its past properties as revealed by its behavior in the past. In other words, we 
must base our conclusions on the physics of the earth and on the geologic record. 
On these subjects, we are by no means devoid of definite knowledge, but, as we shall 
see, it is inadequate for the attainment of definite conclusions. 

The geologic record reveals that basaltic magma occupies a unique position in 
the igneous economy. It is accepted by many as the primary magma, or at least 
a primary magma. This type of molten matter has, in all ages, broken through 
the crust of the earth in the form of dikes of great extension and has poured out on 
the surface in great floods. It has insinuated itself as sills and other concordant 
intrusives between the beds of layered rocks and, in many of the larger masses of 
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this kind, has, upon consolidation, itself developed a system of layers which are, 
jn part at least, the result of crystallization differentiation in which gravity has 
apparently been a dominant control. When, as many of them do, certain layers 
of these differentiated masses differ markedly in composition from basaltic 
magma, many petrologists believe it necessary to appeal to factors other than 
mere differentiation of basaltic magma to account for these differences. To this 
question we shall return. 

In the meantime, we must consider the light thrown by ascertained facts of earth 
physics upon the possible source of basaltic material. Here we are unfortunately 
not on very sure ground, and there is consequently wide divergence of opinion. 
The observed thermal gradient in a mere skin, the speed of earthquake waves at 
various depths, the high rigidity of the whole earth with respect to tidal forces, the 
weakness of the earth as a supporter of surface burdens, the density of the whole 
earth, and its moment of inertia are the principal facts upon which conclusions are 
to be based. Daly has undoubtedly been the most active thinker in this field 
that bridges petrology and earth physics. He long championed the idea that there 
is a superheated, glassy, basaltic substratum everywhere present at a depth of 
some 60 kilometers. So eloquent was he that many seismologists regarded it as 
a fact established by geologic evidence and habitually mentioned the layer without 
special comment. Yet measurements of the elastic properties of rocks by Adams 
and Williamson (1923) and Adams and Gibson (1926) had given results that cast 
much doubt on such a conclusion and lent strong support to their conclusion that 
an olivine rock was probably the only type that would transmit waves at the veloci- 
ties indicated for such depths. The Harvard geophysical group undertook measure- 
ments of rock constants to check these earlier results and at first seemed to find 
evidence in support of Daly’s glassy basalt; but further measurements failed to con- 


_ firm this indication, and Daly has finally abandoned his universal glassy basaltic 


substratum and, for the same reason also, a supposed glassy peridotite (1946). 
Whence, then, comes basaltic magma? Daly now suggests numerous local reservoirs 
of molten basalt at higher levels in the earth. I suggested (Bowen, 1928, p. 315) 
that basaltic magma resulted from the fractional remelting of a crystalline perido- 
tite approaching the olivine rock of Adams and Williamson, but not attaining the 
extreme richness in olivine which they regard as indicated by wave velocities. Daly 
himself has now come to the acceptance of a peridotite of such a character at the 
depths concerned, but he would have its more fusible portion continuously in the 
liquid state as a minor interstitial material, believing that such a condition is neces- 
sary to account for the known weakness of the layer at this depth to long-continued 
loading. But a high rigidity with respect to forces of such short period as earth- 
quake waves or tidal forces is not inconsistent in an entirely crystalline material 
with great weakness under long-continued load. Many past studies have indicated 
this, and the theoretical studies of Hubbert (1945, p. 1651) clinch the argument. 
Daly’s assumption of the continuous existence of interstitial liquid in the material 
of such a layer seems therefore to be unnecessary. In any case, Daly does not regard 
this interstitial material as the source of basaltic magmas but, as has been noted, 
still calls upon reservoirs of liquid (glassy) basalt. 


—— 
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Some proposals call for the periodic refusion of a crystalline basaltic layer through 
the heat of radioactive disintegration, perhaps aided by blanketing due to a local 
thickening of the overlying crust. The basaltic layer suffering refusion is, in a view 
advanced by Kennedy and Anderson (1938, p. 39), of a dual character, having a 
tholeitic composition above and the composition of olivine basalt below, the one 
giving rise to the gabbro-granophyre associations and the other to the alkaline types, 
Since the two supposed layers must have originally come from a single material, 
it is difficult to justify the assumption that olivine basalt should forever have lost 
its power to give a tholeitic differentiate and derivatives thereof. 


NATURE OF PRIMARY BASALTIC MAGMA 


There is even much uncertainty as to the exact nature of primary basaltic magma 
quite apart from the question of variability of the kind suggested by Kennedy and 
Anderson. I refer to the question of its water content. Gilluly (1937) has made 
perhaps the most complete study of this question and inclines toward the view that 
primary basaltic magma contains upwards of 4 per cent water. An interesting 
study by Phemister (1934, p. 20) may be regarded as supporting this thesis. He 
considers the general question of the solubility of water in basaltic magma and its 
natural increase with increased pressure and reaches the conclusion that the hy- 
drostatic head of water in rocks is sufficient to induce a high content of water in 
basaltic magma in depth. 

There are certain weaknesses in both chains of argument that might be emphasized. 
Gilluly’s figures are based largely on analyses of basalts, and it might be possible 
that the water content is acquired during certain secondary changes in the com- 
pletely crystallized rock; or, in the cases where its important presence in the magma 
itself may be indicated, as in some glassy Pele’s hair, it is possible that the magma 
acquired the water from “‘wet” rocks at moderate depths. On the question raised 
by Phemister, we may turn to the testimony of the rocks themselves as revealed, 
for example, in the mineralogy of successive depth zones. The metamorphic rocks, 
collectively referred to as the crystalline schists, are known to attain a high measure 
of approach to equilibrium with their surroundings. In the upper zone we find 
chloritic, sericitic, and talcose schists; in the middle zone actinolite schists, amphibo- 
lites, and epidote gneiss; in the deep zone pyroxene granulites, garnet gneiss, and 
sillimanite and cordierite gneiss. In brief, there is with depth a progressive decrease 
in the water content of the typical minerals. 

One possible interpretation of this situation is that the temperature in the deeper 
zones is too high for the formation of the hydrous minerals even at the high pressure 
there prevailing; but a more probable interpretation is that the principal source of 
water for rocks is at the surface or at shallow depths, and the mechanical barriers 
to the penetration of such water to great depths are altogether effective. In this 
view, though water may have high solubility in basaltic magma at high pressures, 
there is little water at great depths to be dissolved. By making appropriate cos- 
mogonic assumptions, one can put any desired quantity into deep layers, but one 
cannot accept such assumptions if they conflict with geologic evidence. 
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There seems to be little support in the geologic record for belief in a high content 
of water in basaltic magma at depth. The diabase (dolerite) dikes that cut nearly 
all terranes show no systematic tendency to become, with increasing depth, pro- 
gressively richer in the hydrous mineral hornblende. Diabase dikes in the oldest 
and most deeply eroded terranes are, or were originally, much the same as those in 
the youngest and shallowest rocks. Neither hornblende, epidote, nor chlorite is sys- 
tematically developed as a product of primary crystallization in deeper dikes. 
It would seem that nondevelopment of hornblende must be referred to lack of the 
necessary water content in the magma. Magma of basaltic composition has, it is 
believed, crystallized on occasion to a rock consisting almost entirely of hornblende. 
This is a rare phenomenon controlled apparently by some local condition, and showing 
no systematic tendency to greater prevalence with depth, but it reveals the poten- 
tialities of basaltic magma, given adequate water content. The uniform character 
of the abundant regional diabase dikes in all terranes, evidently coming from great 
depths and representing primary basaltic magma if anything does, is thus plainly 
indicative of the comparatively anhydrous character of primary basaltic magma. 
Such magma may acquire significant amounts of water from surrounding rocks at 
times, but it is usually only the derivative magmas that contain notable amounts of 
water, which in part represent a concentration of the relatively small amount in 
primary basaltic magma and in part may be acquired from surrounding rocks. 

There are certain special conditions under which basaltic magma locally acquires 
water, with results that are pertinent in the present connection. Inclusions of 
foreign rocks have in some instances evidently introduced water into the magma 
immediately surrounding them and have induced a coarse crystallization of the 
rock surrounding the inclusion with resultant formation of a halo of gabbro pegmatite, 
which may contain some hornblende. The amount of water added could not have 
been great, yet it profoundly affected the grain of the crystalline product. This 


‘observation suggests that, if primary basaltic magma contained notable amounts 


of water, all deep-seated dikes of this material would have crystallized as gabbro 
pegmatite, if not as the previously suggested hornblendite. There seems to be no 
systematic tendency of this kind. Indeed the grain of a deep-seated diabase dike 
isnot greatly different from that of the central part of a surface basaltic flow. Again 
the indications point to a low initial water content of basaltic magma. So it seems 
tome, but the divergence of views illustrates once more the unsatisfactory state 
of our knowledge. 


OTHER PRIMARY MAGMAS 


Primary magmas other than basaltic magmas have been suggested. Among these 
peridotite magma is the one perhaps the most frequently invoked. Geologists 
of the Princeton school (Buddington, Hess, Sampson, Peoples among others) have 
for long showed much interest in the problems of the ultrabasic rocks and, as a result 
of a series of penetrating studies, have made many important additions to our knowl- 
edge of these rocks. One conclusion reached by at least some of the group is that 
there are primary peridotite magmas. Holmes (1932) and co-workers, with a very 
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different approach, appear to have concluded that peridotite magmas are the prin- 
cipal heat-bringers of all igneous activity. ‘The peridotite magma is usually supposed 
to come from a peridotite layer in the earth assumed to be in part in the liquid (glassy) 
state. Buddington (1943) has presented an interesting picture of earth development 
which suggests a possible means of producing a peridotite layer with a high con- 
centration of hyperfusibles. This layer is regarded as the source of peridotite and 
serpentine intrusives. Hess (1938), too, has stated his reasons for believing in 
the existence of serpentine magmas, and indeed others, notably Gisolf (1923) and 
Daly (1933, p. 553), have in the past supported like views. It has been suggested 
that the hydrous phase serpentine separates from a hydrous magma in much the 
same manner as the hydrous phase biotite. The relation typically displayed in a 
rock containing both biotite and serpentine, as does mica peridotite (serpentine), 
offers little support for this conclusion. The biotite is in broad, uniform plates 
usually molded upon patches of feathery serpentine aggregates, each patch ob- 
viously a pseudomorph after an olivine crystal. 

Gisolf (1923) describes blades of serpentine embedded in olivine and believes 
this relation indicates that crystallization of the serpentine preceded that of the 
olivine. But the fayalite of Rockport, Massachusetts, has similar blades of griinerite 
shooting through it, yet the griinerite is later than the fayalite (Bowen and 
Schairer, 1935), and the crystals of magnesian olivine of the dunite from Corundum 
Hill, North Carolina contain blades of cummingtonite, likewise of later origin, 

For some time I have supposed (Bowen, 1928, p. 167) that peridotites, when not 
differentiated in place, have been intruded substantially as solid material, and I 
have pointed to certain field evidence supporting this view. There are many dif- 
ficulties involved in this interpretation for some examples, but they seem to me to be 
insignificant in comparison with the difficulties encountered when molten olivine 
is contemplated. Serpentines I have supposed to have been formed by secondary 
changes in olivine and olivine-pyroxene rocks. In many serpentines the original 
texture of the olivine or olivine-pyroxene aggregate can be deciphered in the pseudo- 
morphic material, and it is plain that the primary minerals originally occupied sen- 
sibly all of the space. Such a condition cannot possibly be expected to result from 
the consolidation of a liquid having initially the composition of serpentine. 

Not all serpentines show such textures. As far as any internal evidence goes, 
some serpentine masses could, locally at least, have been serpentine from the first, 
but no product of primary igneous crystallization remotely resembles it. Many 
serpentines have been intruded as independent masses far from any other igneous 
bodies. To explain these I have assumed the possibility of the intrusion of the 
serpentinized mass at low temperatures (Bowen, 1938) under special conditions 
of stress that Benson (1926) and others have indicated as prevalent for such in- 
trusives. Hess (1938, p. 326) reports serpentines in Cuba intruded into uncon- 
solidated sediments at shallow depths. This may seem to place insurmountable 
difficulties in the way of the hypothesis of the intrusion of warm crystalline serpentine, 
but is not the problem of holding serpentine magma in such a frail container even 
greater? Serpentine magma is by Hess’s own account highly explosive, a feature 
that he invokes to explain the lack of serpentine lavas. 
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A magma of the composition of serpentine, containing, as it would, 13 per cent 
of water, would be an ideal magma to produce large crystals of serpentine. Pro- 
truding into miarolites and vugs one would expect to find especially fine crystals 
of serpentine, rivalling the crystals found in pegmatitic blebs in granites. What 
js the actual situation? The serpentine occurs entirely as minutely fibrous or platy 
aggregates, and the morphological crystallography of serpentine is quite unknown. 

It should be noted further that the supposed serpentine magmas appear to have 
little if any tendency to introduce water or aqueous solutions into the surrounding 
rocks. This is a remarkable behavior for a material hot enough to be liquid yet 
having such a high water content. It would inevitably show a high vapor pressure 
of water—indeed no other interpretation could be put upon the supposed explosive 
character that is invoked to explain the lack of lavas. But a mass of crystalline 
olivine which is perhaps only warm or moderately hot, and which is being forced 
into a new position, and in this act is suffering granulation, gliding, and any other 
effects that facilitate the flow of crystalline material and permit intimate access 
of water for lubrication (Sosman, 1938, p. 359), might readily, if the surrounding 
rocks were wet, act as a desiccant and absorb water avidly from the surrounding 
rocks with consequent production of serpentine. In other words, the vapor pressure 
is low for the reaction which we may conveniently, if somewhat incorrectly, write: 
olivine + water = serpentine. The development of some serpentine may then 
greatly facilitate further flow and advance of the mass into new surroundings where 
new supplies of water may be available for the further conversion of olivine and the 
final emplacement of an intrusive mass of serpentine. Such a story is consistent 
with the tendency that Hess has noted for serpentines to occur in rocks that may be 
assumed to have been wet, such as geosynclinal sediments, and for the little-ser- 
pentinized olivine-rich rocks to occur in dry surroundings such as the crystalline 
basement. 

There is still the problem of the source of those peridotites (serpentines) that 
occur as independent masses unassociated with other types of igneous rocks. Their 
isolation throws doubt on the concept of their derivation as crystal accumulations 
from gabbroid magma unless it be that peridotite (initially partly serpentinized) 
is more mobile as a solid rock than any of the other differentiates, and has moved 
away from its associates. Perhaps such masses come from the peridotite shell of 
the earth, but they do not seem to bring with them the temperature that one expects 
in this shell, be it Buddingtonian, Dalyesque, Hessian, or what not. The supposed 
presence of 10 to 15 per cent of water in the liquid will greatly lower the consolidation 
temperature of magnesian silicates, but will not lower the temperature. The 
temperature should be that of the earth’s peridotite shell. It should be the hottest 
of known magmas and should fuse everything it contacts. The whole problem of 
serpentine intrusives remains a great riddle. 


DERIVATIVE MAGMAS 


Having considered some of the suggestions that have been made regarding the 
existence of primary magmas other than basaltic, and emphasized our lack of definite 
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knowledge, we may now turn briefly to the problem of derivative magmas. Among 
petrologists, there is an unusual measure of agreement that a wide variety of rocks 
have been derived from primary basaltic magma. In one view, to which experi- 
mental studies of silicate melts lend much strength, the continuously changing 
mother liquor resulting from prolonged fractional crystallization can have every 
composition varying from basaltic to granitic, and rock series varying continuously 
from gabbro to granite can be formed by a process of crystallization differentiation. 
A few deny this absolutely. They claim that the proportion of granitic residual 
liquid thus formed is so small that it could never be squeezed out of the crystal mesh 
to form a separate mass. These are for the most part the same individuals who 
would derive granitic magma only through the partial refusion of granite or of ap- 
propriate sediments, and I feel sure would not find any difficulty in expressing the 
interstitial liquid so produced when it was present in no greater amount. It is 
probable that in either case a small quantity of liquid can be separated from a 
crystal sponge by gentle stresses that enable the solution and recrystallization of 
material at intergranular contacts. 

Some petrologists who are best acquainted with areas in which intrusives are of 
moderate size point to the tendency toward the development in such bodies of 
gabbro and granophyre only, and claim that only these two extremes can be de- 
veloped by crystallization differentiation, if indeed they are willing to admit that 
that process has anything to do with the association. When they are confronted 
with the rocks of other areas which show types of intermediate composition, they 
claim that these intermediate types are not igneous rocks, but are soaked rocks or 
hybrid rocks. Yet a study of the lavas or quenched magmas of the Western Cor- 
dillera of this continent reveals an unquestionably continuous variation in the 
liquid line of descent from basaltic to granitic liquid. Admittedly this proves only 
the existence of all intermediate liquids and is noncommittal as to the manner of 
their production, but a study of the course of crystallization as revealed in the 
quenched lavas and in the corresponding suite of deep-seated rocks occurring in the 
same region lends much support to the process of fractional crystallization as the 
controlling factor in the development of both. 

A suggestion has been made as to the cause of the apparent hiatus in the series 
represented in the gabbro-granophyre association. It involves the assumption 
that at times, and usually in bodies of moderate size, cooling has been at such a rate 
that fractionation is able to set off from each other only the two extremes and is 
unable to effect the separation of liquid at the intermediate stages, with consequent 
lack of, say, dioritic material as a separate mass (Bowen, 1928, p. 90-91). 

There is, indeed, too great a tendency to expect from fractional crystallization a 
fixed, invariable result. Nothing is more certainly demonstrated than the fact 
that, although the perfect equilibrium course of crystallization of a liquid is fixed, 
the course of a liquid during fractional crystallization ‘s capable of variation (Bowen, 
1928, p. 43-48) in accordance with the efficacy of fractionation which itself varies in 
response to the controlling conditions. While it is not necessarily an incorrect 
conclusion, it is certainly a non sequitur to state that because two granites differ m 
composition they must therefore have been derived from parental magmas initially 
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different in composition, or that if one is derived from basaltic magma by fractional 
crystallization then the other could not have been derived from identical basaltic 
magma, also by fractional crystallization. 

The speculation of Kennedy and Anderson (1938, p. 33-40) as to the existence of 
two basaltic layers is an interesting one and may indeed represent the truth. It is 
equally possible that both the basalt-trachyte and the basalt-rhyolite lines of 
descent are derived from parental olivine basalt crystallizing under different con- 
ditions, the one (trachytic) tending to limit fractionation at the early stage of 
crystallization when only olivine is separating (Bowen, 1928, p. 236). There are 
probably no criteria that force a decision here, and we must therefore add this 
situation to the list of relations on which uncertainty prevails. 

The great flexibility of fractional crystallization seems to me to be well exhibited 
by the interesting body studied by Wager and Deer (1939). They appear to con- 
clude that theirs is the earth’s unique example of fractional crystallization, for- 
getting that other studies have followed in detail the changing composition of the 
phases separating from the magma and the changing mother liquor resulting there- 
from, but in the other examples the phases have been different and the consequences 
different. Is it not natural to conclude, indeed is it not thus demonstrated, that the 
course of fractional crystallization may vary and that ferro-gabbro is not the only 
possible product of fractional crystallization of basaltic magma? Their example 
so closely resembles the results obtained in dry melts in the laboratory that it may 
be supposed that they were concerned with a substantially dry differentiation, 
consequent upon the thin and porous character of the roof of the mass. Bodies 
with more competent roofs are able to retain their volatile constituents and give 
hydrous phases such as hornblende and biotite. It is these bodies that show the 
normal, natural differentiation series, basalt to rhyolite, as distinct from the labo- 


ratory (dry) series approached by the Greenland example. 


Many petrologists who do not reject the concept that basaltic magma can have a 
granitic differentiate nevertheless turn to different processes for the origin of the 
great granite masses. The studies of Kennedy and Anderson (1938, p. 31) are of 
particular interest in this connection. They separate all igneous rocks into volcanic 
and plutonic associations. ‘Volcanic associations are derived from a universal 
basaltic magma (or magmas) which originates by remelting of a basaltic earth- 
shell.” ‘Plutonic associations...are derived... by remelting of the so-called 
granitic layer.”” When they pass on to consider the details of the volcanic asso- 
ciations, they point to sills, dikes, and other minor intrusives as belonging in this 
association and accept the differentiation of basaltic (tholeitic) magma as capable of 
producing the granitic differentiates that are sometimes found in these minor intru- 
sions. The granites of orogenic belts they regard as of quite different origin, indeed 
as the typical representative of the plutonic associations. In their volcanic asso- 
ciations they could hardly escape inclusion of the great gabbroid lopoliths with their 
layered differentiates. These bodies have a basined structure, and indeed it is 
only because they have this structure that erosion has laid bare the lower layers and 
the floors of many of these bodies. If precisely the same magma were intruded in a 
tegion where the orogenic forces were such as to cause an uparching of the invaded 
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rocks and if the differentiation occurred in much the same manner, with filter. 
pressing as an added factor, it is doubtful that erosion would ever lay bare the lower 
layers of a mass so developed. We would become acquainted, in large bodies of this 
kind, only with the uppermost layers of granitic composition. May it not be for 
such reasons that we find an apparent dominance of granites in belts of mountain 
mechanics, but find the story of the manner of development of granites largely in 
areas of plateau mechanics? Is it necessary to suppose that quite different initia] 
magmas were involved and that they came from different sources? 

One attendant feature of the solution of the granite problem offered by Kennedy 
and Anderson, a feature even more strongly emphasized in the writings of others, 
is the manner in which the granitic magma is said to rise from the supposed place of 
its origin into the accessible crust. This is not accomplished by an act in any way 
comparable with the intrusion of magmas of the “volcanic association” but is said 
to be effected by a gradual working upward of the granitic liquid through a process 
of replacement of the overlying rocks. That a liquid could advance any significant 
distance by such a method is hardly to be accepted, considering the serious heat 
problem involved. Only the lowermost portion of the granitic layer is by hypothesis 
heated to a temperature of fusion, yet the liquid so produced is supposed to work 
over a great thickness (apparently measured in miles in some views) of relatively 
cold overlying rocks. The drain on the heat supply is colossal. Is it not much 
more credible to suppose that the granitic magma was actively intruded (or is the 
granitic differentiate of a magma actively intruded) and that the granitization and 
migmatization effects we find about the exposed mass are about all the effects of that 
kind it was capable of producing? 

The assumption of the rise of the magma by this replacement process is said by 
Read (1943), for example, to be necessitated by the ‘room problem.” But other 
solutions of this problem have been suggested. Of these the movement upward 
or downward of blocks of the crust has reasonably satisfactory demonstration ona 
not .inconsiderable scale. The pertinent evidence has been well collated and ex- 
panded by Billings (1945). May it not be that, when such action develops on a 
grand scale, attendant granitization, now likewise on an expanded scale, tends to 
obscure the structural evidence of the action to which it is a wholly unessential 
adjunct? No categorical answer to this question can be given, but the forceful 
reiteration of a negative answer cannot establish its truth. 

It may be noted too that even the complete establishment of the derivation of 
granitic magma by refusion of a granitic layer would not necessarily involve ‘‘freeing 
the granites from their bondage to a parental basaltic magma” (Read, 1943, p. 85). 
Of one feature of the earth’s crust we are sure: it is largely of mafic material. The 
granitic layer must have been derived ultimately from such material. One can 
choose any method of differentiation that he wishes if he has an aversion for crys 
tallization differentiation, but the bond will still exist. The derivation of granitic 
magma by refusion of granite is merely pushing the problem back into the misty 
past. 
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There are, of course, those who, for the production of granite, dispense altogether 
with granitic magma in any commonly accepted sense of the term. Granites are 
produced entirely by granitization, and the effective emanations came from nowhere 
jn particular but are simply some sort of earth sweat. There are others of whom 
it cannot be said with certainty that they accept this view unreservedly, though 
they seem to lean that way at times. Read (1944, p. 91) makes the statement, 
“Out from the central theatre of granitization there pass waves of metasomatizing 
solutions, changing in composition and in temperature as they become more distant 
from the core and promoting thereby the formation of zones of metamorphism about 
it.” Nearly any geologist would accept this statement, taken by itself at least. 
Many would consider, however, that the center was necessarily a granite formed 
by processes quite independent of the metamorphic processes which it may induce. 

A vigorous passing outward of waves of solutions suggests to many investigators 
some more cogent reason for the localization of the center of action than mere 
gradual burial of material to deeper and deeper levels, or the secular accumulation 
of radioactive heat. They lean toward the concept that active intrusion of a real 
(I use the word with fear and trembling) granitic magma has set up conditions 
wholly abnormal for the local milieu. 

It is one of the unfortunate characteristics of presidential addresses that they 
seldom carry any element of surprise. Few of my hearers will have any doubt as 
tomy own leanings on these questions. Yet it is not to be supposed that I do not 
have an open mind on the possibility of some granitic magma being the product of 
refusion of granite (Bowen, 1928, p. 319) or of selective refusion of geosynclinal 
sediments. To one who believes that both the laboratory and the field point to 
granitic liquid as a late-crystallizing residuum of fractional crystallization in the 


. polycomponent system of the rock-forming oxides, the hypothesis that granitic 


liquid would likewise be an early product of selective fusion of appropriate material 
cannot fail of sympathetic reception. At levels that ever come under observation 
I would expect that the action was ordinarily effected through unusual access of heat 
due to the intrusion of a magma. The granitization of surrounding rocks would, 
in this view, be a subsidiary attendant process. 

The large-scale replacement effects whereby rocks of widely varying character 
have acquired granitic composition and present the ghosts of former structures is a 
dificult problem, whatever the assumptions (Quirke, 1927; Goodspeed, 1939; Grout, 
1941). The solution of large quantities of mafic material that is frequently involved 
does not appear to lie within the powers of the late liquors of granitic magma. They 
should have only the power to transform but not to dissolve such material. Con- 
densed acid vapors distilled from these liquors would be more potent (Bowen, 1933), 
and it is possible that the emanations from the magma are in some instances rein- 
forced by the interstitial liquid of the invaded rocks in which an active circulation 
and special potency are induced by the heat of the intrusive. If the invaded rocks 
were sedimentary rocks which contained interstitial liquid rich in chlorine ion, the 
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problem of the solution and transportation of large quantities of lime, magnesia, 
and iron would be greatly mitigated. 

Indeed the question may be raised, and has been raised (Lawson, 1914), whether 
the metamorphic haloes about intrusives necessarily indicate as great escape of 
volatile materials from the intrusive as is sometimes supposed. May not a con- 
siderable part of the changes there observed be due to the invigorated circulation 
of the waters of the country rocks? 

In the case of the development of a granitized halo about a granite there is an 
alternative to the usually accepted concept that solutions emanating from the 
granite have carried the nongranitic constituents of a widely varying group of now- 
granitized country rocks upward and outward from the center of activity. Con- 
sideration of this alternative is forced by the fact that we are usually hard put to it to 
point to the place to which the extraneous (largely mafic) material has been trans- 
ported. It is merely missing, and the assumption is that it was carried upward. 
May it not have disappeared downward? 

The action contemplated may be even more probable during the formation of 
granitic magma by partial refusion of granite or by selective fusion of sedimentary 
material of appropriate character. Let us assume that we have a mass of sedimen- 
tary rocks which, as a result of deep burial and blanketing, has been raised to a 
temperature such that the granitic constitutents together with the water present 
have formed a liquid which fills the cells of a sponge of crystalline material (Eskola, 
1932, p. 473), in part mafic in character. In such a mass, existing in the gravita- 
tional field of the earth, the entropy of the whole system would be increased if the 
heavy constituents moved downward and the light constituents upward relative to 
each other. Thus we would expect the striving toward an increase of entropy to 
manifest itself in a tendency toward concentration of the liquid nearer the top and of 
the crystals nearer the bottom of the mass under consideration. It is assumed 
that the proportion of liquid is too small to permit any free sinking of the crystalline 
matter, and a quite different means of accomplishing relative movement must be 
postulated. If we fix attention upon one crystal in contact with the liquid and 
another near-by crystal of the same phase which is slightly below it, there should, 
in the gravitational field, be a potential tending to cause the upper crystal to go into 
solution and be deposited on the lower crystal. Let this pair of crystals be members 
of a vertically disposed series and it would seem that long-continued action of this 
kind could result in concentration of liquid at the top and of crystals toward the 
bottom,—not only that, but in a tendency for the heaviest crystalline material 
to be transported downward more readily than the lighter crystalline material, 
since a greater difference of potential would be involved. Thus we might expect 
a tendency to produce a mass with a granitic liquid at the top, unfused lighter 
crystalline material of general granitic character immediately below, and the more 
mafic crystalline material still lower down. All of this would be accomplished 
without bodily movements, but rather by a process of metasomatic character, and 
the mass might presumably still retain ghosts of its original sedimentary structures. 

This action would thus give a relative movement of liquid and crystals within the 
mass suffering partial refusion but no general upward movement relative to the cold 
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surrounding and superincumbent rocks. It is such action that may be supposed 
to have given many granitized bodies that have been described and have been 
assumed to have mounted great distances through the crust by a replacement 
process. Actual upward growth of the whole mass by any such action must be 
regarded as very limited on account of the thermal problem involved. By this it 
is not intended to imply that the locus of refusion could not slowly mount as a result, 
say, of growth of the geosynclinal overburden, but this is a different matter from the 
intimate penetration by the granitic liquid of great thicknesses of cold overlying 
rocks extending far up into the zone where even the incipient phase of refusion could 
not be contemplated. 

Active intrusion of the granitic liquid collected in the manner described in the 
upper part of the zone of refusion is, of course, always a potentiality and will be 
realized when the appropriate forces prevail. 

Now a granitic mass which is a real intrusive in the sense that it has been mechani- 
cally forced into a certain position might, during the later stages of its consolidation, 
develop not only within itself, but also in a halo of surrounding rocks, a situation 
quite similar to that just pictured for selective fusion of a mass. There might be 
the same relative movements of liquid and crystals by the same mechanism, and the 
mafic material of the granitized halo might perhaps have moved downward instead 
of upward and outward as is ordinarily assumed. 

A good deal of the immediately preceding discussion is only somewhat indirectly 
concerned with magmas, at least in the more commonly accepted significance of the 
term. It may not be amiss, therefore, in spite of our title, to go the whole way and 
mention the fact that Fennoscandian geologists, who gave us the ichor as a means of 
transporting material and perhaps of initiating some magma formation, would now, 
some of them, dispense with even that modicum of transporting fluid on occasion. 
They would have some ions of crystal lattices break their bonds, migrate along 
intergranular boundaries, and give large-scale rearrangement of materials without 
intervention of liquid of any kind (Ramberg, 1944, p. 109). This is perhaps no 
more than a new-fangled way of saying that at moderately elevated temperatures 
rock minerals have appreciable vapor pressure, an assumption that has long been 
made to explain, among other phenomena, the sintering of silicates in the laboratory, 
but it has not hitherto been invoked for such long-range effects. We speak of the 
“volatile Latins,” but it is really to the “stolid Nordics” that we must turn for our 
more volatile theories in geology. 


CONCLUSION 


This documentation of our ignorance of magmas could be expanded manyfold. 
Should we be discouraged? Certainly not. It has been well said, “Better the 
‘tigh road than the inn.” Besides, I may have painted too dismal a picture of 
progress on the high road. I am reminded of the experience of a friend who brought 
an Indian down from the Canadian bush to the city of Quebec. There the red man 
saw for the first time, among other things, steamships, railroad trains, and horses. 
Steamships and trains were not very remarkable to him; they were entirely beyond 
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his ken. The horse was a different story. He knew animals, even domesticated 
animals as represented by the dog; nevertheless (or should I say therefore) the 
great powerful béast—-the horse—completely subservient to man’s will, that was the 
most wonderful ‘thing he saw. Perhaps, then, it is because we know so much about 
magmas that we have such a vivid appreciation of what there is yet to learn. 
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PALEONTOLOGIST OR GEOLOGIST 


BY J. BROOKES KNIGHT 
(Address as Retiring President of the Paleontological Society) 


Presidential addresses are traditionally privileged; that is to say, as a small com- 
pensation for arduous (?) duties faithfully performed, the retiring president is given 
the privilege of choosing his own subject, and of presenting it as he wills. Not the 
least valuable facet of the privilege is that his listeners may not reply, at least, not 
until another occasion. It is my intention to take advantage of that privilege to 
present to you certain viewpoints in respect to paleontology and its relationship to 
geology that have seemed to me important, very important. I realize that these 
views are regarded as heretical by many—but that this is so is to my mind only 
additional evidence of the need to express them. If my address will promote active 
discussion and constructive thought, part of my objective will be gained. Of course 
Ihave another objective too, for this is not a scholarly paper. I shall be an advocate 
of one particular viewpoint as the one that I believe will best serve both paleontology 
and geology. 

Late last October the efficient Secretary of the Geological Society telegraphed me 
that I would be required to give a Presidential address (I had been trying to wriggle 
out of it) and asked that I telegraph the title to him. I was embarrassed, for, 
although I had given the subject on which I am to address you much thought for 
years and had discussed it often with friends, I had not yet composed an address and 
__ had given its title no thought at all. Hence my title is a spur-of-the-moment affair 
concocted in response to Doctor Aldrich’s telegram. A day or two later Mrs. 
Knight’s uncle, an architect, was in Washington, and she mentioned to him that I 
was preparing an address—and that it had a title. The uncle then, with polite 
interest, asked me what the title was. I demurred, saying it wouldn’t mean any- 
thing to him. However, on this challenge to his intelligence, he insisted and I 
obliged with the title I had telegraphed Doctor Aldrich, ““Paleontologist or Geologist.” 

“I don’t know what a paleontologist is,” he said, “but I think I cam understand the 
title: it means, Come on; make up your mind. Are you a paleontologist, or a 
geologist?” 

Of course he had hit the nail squarely on the head; that is precisely what I did 
mean. And I think it is important, for the character of one’s work in any field is 
strongly influenced by the consideration of one’s personal attitude toward it, of one’s 
idealized function. It has been considerations of this sort that have led some men to 
become paleontologists in spite of every obstacle, and others to become geologists 
in spite of initial bias toward paleontology. 

Perhaps my hurriedly chosen title is defective in one sense, for geology as sometimes 
defined is the study of the Earth and its life. One might say, as no doubt many do 
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say, that paleontology is just one compartment of geology, a science with a multitude 
of intercommunicating compartments. This, indeed, appears to be the traditional 
view, and, in a sense, it can be supported. But this view, I think, leads to attitudes 
of mind and to procedures that are harmful to both paleontology and geology. It is 
basic to my thesis that paleontology and geology are best treated as two separate 
sciences, each drawing nourishment from the other and each contributing to the 
other, but still separate sciences. 

It is my contention that, because paleontology is not truly a branch of geology, it 
does not best serve geology when cultivated and applied by geologists. Further, it is 
not best taught in geology departments and should not be taught to geologists except 
in its most elementary form and, perhaps, on the appreciation level as a cultural 
course. This is the negative aspect of my thesis in its baldest terms. I propose to 
develop its positive aspects later. 

Paleontology may be divided into two main divisions, paleobotany and paleo- 
zoology, and the latter may be subdivided into vertebrate and invertebrate paleo- 
zoology. Iam too unfamiliar with paleobotany to speak of it, so let no paleobotanist 
feel that I am speaking of his branch of our science. The paleozoology of the 
vertebrates has been treated quite differently from that of the invertebrates. In 
some ways the relative freedom from the distractions of practical application have 
benefited vertebrate paleontologists, in others their work has suffered for a lack of it. 
But, at any rate, vertebrate paleontology (I revert to the more familiar term), be- 
cause it has remained relatively more remote from daily, routine application to the 
solution of geologic problems, has developed differently from invertebrate paleon- 
tology. My remarks, then, are not directed toward paleobotany or vertebrate pa- 
leontology, but toward invertebrate paleontology alone. 

Paleontology briefly is the study of the life of the past, arbitrarily excluding most 
of the life of the Recent epoch. It has a single objective, to learn all that can be 
learned of this life. However, paleontological knowledge, like all knowledge, can, 
and does, contribute to human culture in various ways. Probably its most significant 
contribution has been the support found in it for the theory of organic evolution, a 
purely intellectual consideration that has revolutionized the thinking of the world 
in the last three quarters of a century, with reactions on the course of human affairs 
that we are as yet unable to evaluate. Far less important, but constantly before 
both the paleontologist and the geologist, is its application to the solution of geological 
problems. This is its day-to-day, routine task. It is this aspect of paleontology 
that I wish to dwell on, and it is principally for the sake of improving its geological 
application that I advocate a self-respecting and self-reliant paleontology, freed from 
its subservience to geology. It is almost as if invertebrate paleontology were in 
bondage to geology, and, for that reason failing of a full and vigorous development of 
its own, it is unable to serve geology with the full effectiveness that it might. Itis 
natural that this should be so, for it was the impetus given invertebrate paleontology 
by William Smith’s discovery that fossils could be used to identify strata and thus 
solve certain geological problems that gave to invertebrate paleontology its status of 
value in practical affairs. This, in turn, led to its assiduous cultivation by men who 
are in reality more geologists, with geological interests to serve, than paleontologists. 

Because paleontology is the study of the life of the past it is a biological science. 





It 


Se 


an — | 


ni 


is} 


ca 


fo 





ide 


les 
t is 
ate 
the 


, it 
tis 
spt 


ho 
sts. 
ce. 





ADDRESS AS RETIRING PRESIDENT 283 


Its attitudes and techniques are—or should be far more than they are among inverte- 
brate paleontologists—dominantly biological. The paleontologist is dealing with 
the remains of once living things that are governed by precisely the same funda- 
mental biological laws and subject to the same biological processes as are the living 
things of today. Obviously, unless he has a broad understanding of the principles 
and laws of biology, and a deep understanding of the more relevant of them, he can- 
not truly understand fossil organisms. One cannot apply to the best advantage 
what one does not understand. 

No biologist can be said to have a comprehensive understanding of a living organ- 
ism unless he knows two sets of conditions external to it—its geographic distribution 
and its ecology. These are integral parts of biology. Likewise, no paleontologist 
can have a comprehensive understanding of a fossil organism unless he knows the 
geological counterparts of these factors. For the paleontologist distribution becomes 
four dimensionsal, for distribution in time is an essential item forhim. Paleoecology, 
as yet little developed, is the equivalent of the biologists ecology. In those aspects 
of his work the paleontologist gets his information from the rocks by what are, 
broadly speaking, geological techniques. For this reason even the “purest” of 
paleontologists, undefiled by such mundane concerns as practical applications, cannot 
immure himself in a morphological or a philosophical ivory tower. He must work 
also with the rocks in the field and assay to outdo the geologist at the stratigraphical 
aspects of his own science. For he cannot adequately understand his fossils, his 
once living organisms, unless he also understands their setting, geographic, strati- 
graphic, and ecologic. He must know enough structural geology not to be deceived 
by faults and other distortions of the beds in which his fossils occur. Indeed, the 
geologist is often dependent on the paleontologist for the recognition and evaluation of 
such features. The paleontologist must realize too that diastrophism affects ma- 
terially the environment of the contemporaneous and succeeding life. In summary, a 
paleontologist should be competent in relevant aspects of both biology and geology. 
But he need not be a well-rounded geologist, and, for the most part, cannot be, if he is 
is to devote the amount of attention and energy that he should to the biological 
aspects of his own field of work. 

It is difficult to generalize on a matter on which the data have never been collected 
and one composed of human units that probably cover the entire range of possibility, 
but I think one is safe in saying that most paleontological work with fossil inverte- 
brates, descriptive, taxonomic, and applied, has been done by men whose primary 
interest was geological and not biological, who were trained that way, and whose 
biological background was therefore defective. There are exceptions, of course, and 
it is to a large degree from these exceptional men that our lasting framework of 
knowledge of fossil invertebrates has come. 

May I quote a passage from the late Karl A. von Zittel. He was writing of the 
great improvement in paleobotany that took place in the latter part of the nineteenth 
century. 


“The severe strictures passed by Schenk on the uncritical paleontological papers that appeared so 
numerously in the middle of the last century have had their influence; now the author of a paper on 
any department of paleonphytology is expected to have a sound knowledge of systematic botany. 

“It cannot be said that palaeozoology has arrived at this desirable standpoint. Just as 








284 J. B. KNIGHT—-PALEONTOLOGIST OR GEOLOGIST 





palaeophytology has come to be regarded and treated scientifically as a branch of botany in the only 
true and wide sense, so should palaeontology [sic] be regarded asa branch of zoology in its wide sense, 
But, while the greatest scientific successes have been achieved by those research students who have 
treated their particular subject from the wider aspect, we find in the universities that paleontology 
is often relegated to the care of a geological specialist—But comparatively few individuals have such 
a thorough grasp of zoological and geological knowledge as to enable them to treat paleontological 

es worthily, and there has accumulated a deadweight of stratigraphical-paleontological 
literature wherein the fossil remains of animals are named and pigeon-holed solely as an additional 
ticket of the age of a rock-deposit, with a willful disregard of the much more difficult problem of 
their relationships in the long chain of existence.” (History of geology and paleontology, by K. A. 
von Zittel. Translated by M. M. Ogilvie-Gordon, London, 1901, p. 375.) 


Zittel’s remarks were written about half a century ago. Since that time I suspect 
that paleobotatiy may have retrograded a little but I do not know; vertebrate 
paleontology has made great advances, but invertebrate paleontology has remained 
largely on the same low plane and for the same reason for “‘in the universities it has 
been relegated to the care of a geological specialist” as Zittel put it 50 years ago. 

Perhaps you recall Doctor Johnson’s reply to his worshipful biographer, Boswell, 
when the latter had told him that he had just listened to a sermon by a feminine 
preacher. It was, “Sir, a woman preaching is like a dog’s walking on his hind legs. 
It is not done well, but you are suprised to find it done at all.”” As with preaching by 
a woman and bipedal walking by a dog, paleontology by a geologist is not done well. 
And what we today call a paleontologist, particularly that jellylike variety without 
a backbone, incapable of standing erect on his own two feet, the invertebrate 
paleontologist, is for the most part not a paleontologist at all. He is a geologist, a 
stratigraphical or “‘soft rock” geologist. He has considerable superficial familiarity 
with invertebrate fossils, to be sure, but he is essentially a geologist nevertheless, 
Perhaps he has described innumerable fossil genera and species with unpronouncible 
names and he may have even played that game of name-changing that is the true 
mark of the paleontologist in the eyes of the “hard-rock” geologist, but still his quali- 
fications are generally those of a student of the earth or geologist, rather than those of 
a student of ancient life or paleontologist. It is not his fault altogether for in respect 
to the invertebrate paleontologist conditions today are very much as they were in 
von Zittel’s time. ‘‘We find in the universities that paleontology is often relegated to 
the care of a geological specialist.”” This, I think, stands at the root of our difficulty. 
In most American universities invertebrate paleontology is taught in departments of 
geology, by similarly taught men, who may be called paleontologists but who are 
basically geologists. It is not surprising that these teachers are usually deficientin 
biological background for what they have has been passed on to them by other geolo- 
gists or has been self-acquired under very considerable difficulties. If some professor 
of paleontology has been able to add a fair understanding of biological principles to 
his basically geological background, his student still may be at a disadvantage forhe 
is almost universally a member of a geological faculty, and the program of studies and 
the subject of the thesis are matters for the geological faculty to pass upon. Some 
geological faculties may take a liberal view for a time; others may not. And the 
liberal department of today may become the restrictive one of tomorrow. It isnot 
surprising that a geological faculty is inclined to insist that it is turning out geologists, 
geologists perhaps with different emphasis and orientation, but geologists neverthe- 
less. Many will insist that their graduates be able to perform with at least a mini- 








Fev 


biol 





FRPP Pid sos 








ADDRESS AS RETIRING PRESIDENT 285 


mum of credit in most of the many compartments of geology, including paleontology. 
Few will allow time for the acquisition of an adequate biological background by their 
paleontologically oriented students. With this discounting of paleontology as the 
biological science it is, often by its professor himself, it is quite natural that there is no 
demand, effective or otherwise, by the paleontologists on biology departments for 
courses of instruction adapted to the needs of paleontologists. The deficiencies of 
many biology departments constitute another facet of the problem, a facet that I will 
not touch on here, except to point out that a demand is often a prerequisite to a 
supply. 

If I am correct that the present low estate of invertebrate paleontology in America 
stems largely from the fact that it is not treated as the biological science that it is, 
the remedy lies with our universities. A means must be found that will insure that 
our prospective invertebrate paleontologists may obtain the biological training that 
they need without in any way reducing relevant geological training. There is a 
positive side to this in more and better biology, and a negative side in less of the 
irrelevant aspects of geology. My proposed solution is that any university that 
awards the doctorate should set up a department of paleontology, co-operating 
closely with both a biology department and a geology department, but subject to 
the dictation of neither. Such a department will be concerned with producing well- 
rounded paleontologists capable both of advancing the science and applying it to the 
solution of the practical problems of stratigraphical geology. 

Such a department of paleontology would use freely such courses einai pro- 
vided by departments of biology that would fit its needs. Probably the biology 
department might be asked to provide an additional course or two or to modify some- 
what those already given, but only where the biology department had too narrowly 
restricted its offerings because of excessive, exclusive specialization on the part of the 


_ staff, or too intensive preoccupation with pre-medical courses,.. On the other.hand, a 


department of paleontology would welcome students from the biology department. 
Biologists of many persuasions would profit from a knowledge of the life of the past 
and would be much more likely to find an interest in paleontology if it is given its just 
due as a biological science. 

The proposed department of paleontology would of course work in close harmony 
with the geology department. It is probable that the teaching of stratigraphy would 
be in the department of paleontology for paleontology is perhaps the most important 
tool for the solution of many stratigraphic problems, and this is its principal 
practical application. Likewise stratigraphy furnishes such vital information to the 
paleontologist that his work is meaningless without it. It other respects the contacts 
with the geology department would be co-operative. Students from each depart- 
ment could be regularly enrolled in the other. But the department of paleontology 
would set its own requirements for its students, and the holders of its advanced 
degrees would be paleontologists, especially trained as such and competent to perform 
paleontological tasks effectively. They would not be geologists and should not be 
expected to “double in geology” as the geologist-paleontologist of today is expected 
todo. But, unlike the pioneer physician-paleontologist of a former day, he would be 
fully competent in those fields of geology relevant to paleontology. 
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It is difficult to contend that a subject so important to the geologist as paleontology 
should not be taught to the geologist, and the principal reason for doing so is that a 
little knowledge may be worse than none. Another is that the geologist has plenty 
to do in mastering his own field. It has been my theme that invertebrate paleon- 
tology has failed to be as useful as it might be because it is, as Von Zittel wrote fifty 
years ago, “relegated to the care of a geological specialist.” If this means, as J 
think it does, that we must train our paleontologists as paleontologists, in a depart- 
ment of paleontology, does it also mean that the geologist dare not attempt to learn 
some paleontology and apply it for himself? The answer must, of course, be given 
in terms of practical realities, and in such terms there may be need for a minimum of 
instruction. For there is much rough exploratory work still to be done often under 
conditions that do not require a high degree of accuracy. Here the geologist must 
often work alone, and a smattering of paleontological knowledge may prove to be 
better than none. If he is to apply that smattering, usually he must be taught it. 
But for work of higher quality than exploratory reconnaissance, the geologist must 
call on the paleontologist for either consultation or collaboration. And the better 
the training of the paleontologist as a paleontologist, the greater the value of his 
contribution. 

Please understand that I am not speaking as an example of the biologically trained 
paleontologist. I, too, was trained as a geologist, a “‘soft-rock” geologist, in the 
geology departments of several universities. It is my keen sense of my own short- 
comings as a paleontologist, shortcomings that I recognize also in the work of many of 
my colleagues, shortcomings mostly due to a deficient biological background, that 
leads me to advocate so vigorously that paleontology, and particularly invertebrate 
paleontology, be accorded the recognition as a biological science that it must have if 
it is to contribute better to our understanding of nature and to serve more effectively 
in the solution of geological problems. 


U. S. Nationat Museum, Wasuincron, D. C. 
Manuscript RECEIVED BY THE SECRETARY OF THE SOCIETY, JANUARY 14, 1947. 
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FUNCTIONS OF VERTEBRATE PALEONTOLOGY IN THE 
EARTH SCIENCES 


BY EDWIN H. COLBERT 


(Address as Retiring President of Society of Vertebrate Paleontology) 


It is the fate of the vertebrate paleontologist that he very frequently feels rather 
out of place when he is gathered together with some of his close scientific colleagues. 
With a group of geologists he is too much of a biologist. With a group of biologists 
he is too much of a geologist. With a group of anthropologists he is not enough of an 
anthropologist. His is the interesting, and at times the somewhat sad, situation of 
occupying an intermediate position, or more frequently an outlying position—never 
quite in the middle of things. That is, of course, except when he is with members of 
his own species—other vertebrate paleontologists. 

This state of affairs is the result of the nature of his subject, for vertebrate: pa- 
leontology is truly an intermediate science. It is not quite geology, not quite 
biology, not quite anthropology, but it is definitely concerned with all of these 
subjects. Indeed, the subject of vertebrate paleontology may touch even other 
scholarly disciplines so that the vertebrate paleontologist must needs be a person of 
fairly broad interests, with an adaptable mind. 

It is, however, with the subjects of geology and biology that the vertebrate pa- 
leontologist is most particularly concerned. And in this place it is our concern to see 
in just what manner the subject of vertebrate paleontology is to be correlated with 
the earth sciences. How does it fit into the broad and the extremely varied field of 
knowledge that goes under the name of geology? 

As has already been intimated, the vertebrate paleontologist is not exactly a 
geologist, even though he most frequently masquerades as one. The truth of the 
matter is that, if he is too much of a geologist, his work as a vertebrate paleontologist 
must inevitably suffer. Likewise, the vertebrate paleontologist going under the 
label of a biologist cannot be too much of a biologist or he will cease to be a good 
vertebrate paleontologist. So he must occupy the position of being neither geologist 
nor biologist, but rather a biological geologist or a geological biologist, depending 
upon the emphasis of his work, and as he is this intermediate type of fellow he is what 
we generally call a paleontologist. 

Of course these remarks should apply to the invertebrate paleontologist as well as 
to his vertebrate cousin, but, generally speaking, such is not the case. The inverte- 
brate paleontologist is not quite the same sort of an intermediate fellow (at least in 
North America) that the vertebrate paleontologist is, for during the years the 
invertebrate paleontologist has tended to draw further and further away from the 
biological side of his subject, until he has to a considerable degree become less a 
student of life than a student of the stratigraphic sequence of little objects that 
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happen to be fossils. He has in many cases lost the outlook and the philosophy of the 
student of ancient life, because to him the fossils are no longer the remains of organ- 
isms that once were active, living things, but rather they are convenient markers 
having certain diagnostic characters, placed in the rocks to tell how old these rocks 
may be. Many an invertebrate paleontologist has lost the evolutionary grasp of his 
subject—indeed, many an invertebrate paleontologist has never had the true evo- 
lutionary concept—,, and so far as he is concerned the fossils are objects, of no special 
intrinsic interest in themselves. They are useful only insofar as they serve other pur- 
poses. Of course there are in this country notable exceptions to this generalization, 
but I think that there is no denying the fact that the generalization is all too valid, 

This is a bad situation and it should be corrected. There should be more interest 
than there is in the broad subject of evolution among the invertebrate paleontologists, 
There should be more interest than there is in the study of fossil invertebrates asa 
study of ancient life. Modern evolutionary studies should have more of a foundation 
in the study of invertebrate evolution than they do. 

In making these remarks there is no intention to assume a “holier than thou” 
attitude on behalf of the vertebrate paleontologists as against their invertebrate 
colleagues. It is merely the statement of a condition which does exist, and which is 
here regarded as unfortunate. In this connection it should be said that because of 
the much greater morphological complexity of most vertebrates as compared with 
most invertebrates, and because of greater and more varied visible evolutionary 
changes in sequential series in the vertebrates as compared with the invertebrates, 
there naturally has been fostered a more lively interest in evolutionary studies among 
students of fossil vertebrates than among the paleontologists working on the lower 
forms of life. As against this consideration is the fact that fossil invertebrates are so 
much more abundant and varied than the fossil vertebrates that they should serve 
far better than do the backboned animals for certain types of evolutionary studies. 
Yet the sad fact is that the invertebrate paleontologists have not, to any great 
extent,. realized and used these advantages. Therefore, things being as they are, 
it remains for vertebrate paleontology at the present time to serve as the principal 
medium for the study and the interpretation of the subject of evolution in the earth 
sciences. 

Of late years there has been a most pronounced revival in the study of evolution 
and especially of evolutionary processes. This has been mainly a biological revival, 
for so far as most vertebrate paleontologists and certain of the invertebrate paleon- 
tologists are concerned there has never been any abatement of interest in the study 
of evolution. But in biological studies evolution has again become popular, where 
once it was more or less ignored. In the words of Julian Huxley (1942), “Evolution 
may lay claim to be considered the most central and the most important of the 
problems of biology.” This is particularly true in the fields of genetics, taxonomy, 
and zoogeography, so that at the present time advances are being made and correlated 
on several fronts in the interpretation of organic evolution. And in these advances 
certain segments of the paleontological population are participating actively and 
with great effect. Indeed, one of the most heartening things about the modern study 
of evolution is the degree of co-operation and the number of common interests among 
the vertebrate paleontologists, geneticists, taxonomists, and zoogeographers. 
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So it is that many vertebrate paleontologists and certain invertebrate paleontolo- 
gists are very much alive to the modern developments in the study of organic evolu- 
tion. To them, the records of evolution as revealed by the fossils and the interpreta- 
tion of this record in the light of modern genetics, taxonomy, and zoogeography are 
the most significant advances being made in the field of present-day Natural History. 

Unfortunately, interest in the modern progress of evolutionary studies does not 
extend much beyond the confines of vertebrate paleontology in the earth sciences, 
for among the general body of geologists there is little realization as to the significance 
of recent studies in this field. 

Why should this be? The answer is that a large segment of the geological popula- 
tion lacks the evolutionary concept, and lacking this there is bound to be but little 
interest in the progress of evolutionary studies. Consequently, it is probably 
correct to say that at the present time most geologists are not evolutionists, to the 
extent that they are not particularly interested in the subject. Naturally they are 
not opposed to the evolutionary concept as such, it is merely that they have no 
active interest in it. But it is not only a question of lack of interest in the subject, 
for it is a fact that most of our contemporary geologists are not even competent to 
take more than a superficial interest in evolutionary problems. This is not, of 
course, the fault of the individual—rather it is the result of modern training (or lack 
of training) and the general trends in Geology as it is studied today. 

To those paleontologists actively engaged in modern evolutionary studies it would 
seem that one of the essential needs in geology is the development of an up-to-date, 
dynamic interest in the broad subject of evolution. Of all scientists, geologists 
should be those most interested in evolution—if not in the processes of evolution, at 
least in the results of evolution. The whole science of geology is to a large degree 
a record of evolution; organic evolution in the field of paleontology, structural 
evolution, geomorphological evolution, paleogeographical evolution, and the like. 
Consequently it would seem to be obvious that all geologists should have a basic 
evolutionary concept for the proper approach to their subject. And the best way 
to develop and foster such a concept should be by a knowledge and appreciation of 
organic evoution. 

Here is where at the present time the science of vertebrate paleontology can be of 
great service to geology—in the dissemination of knowledge about evolution and the 
promulgation of interest in this subject to the field of geology as a whole. The 
vertebrate paleontologists, because of their present close co-operation with the 
geneticists, taxonomists, and zoogeographers on the biological side of the fence, are 
best equipped to furnish the knowledge and develop the interest in evolution so 
badly needed by the geological fraternity. 

How this knowledge is to be furnished and this interest to be developed is a difficult 
question for which there is no immediate answer. The real solution, of course, is a 
proper grounding in the principles and facts of evolution in the undergraduate and 
graduate curricula, something that is to a large degree lacking at the present time. 
Perhaps in the future it can be supplied by a general process of pedagogical osmosis. 
If graduate students in geology, and particularly in paleontology, could receive 
proper instruction in the principles and processes of evolution, instruction which at 
the present time can best be obtained in the study of vertebrate paleontology, they 
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might as teachers pass the evolutionary concept along to their students, so that in 
the course of time there would arise a generation of geologists having a real apprecia- 
tion of evolution as an element in their basic training. The real barrier to the 
initiation of such a program is to be found in the fact that only a very few of our 
departments of geology offer graduate instruction in vertebrate paleontology, 
Consequently the subject of evolution as interpreted by the record of fossil verte. 
brates will not be widely taught until, by some means, more potential teachers will 
have had some training in the subject. 

Until then, it will be necessary for information on modern evolutionary studies to 
be passed along mainly by the vertebrate paleontologists to their geological col- 
leagues, through the medium of general articles and syntheses. In a like manner, 
although this does not concern us in this present discussion, the vertebrate paleon- 
tologists can give to the biologists a geological background for their particular studies 
in evolution. 

Therefore the function of vertebrate paleonthology in the earth sciences is as an 
intermediary between geology and biology. The vertebrate paleontologists, because 
of their interests and training, can bring more of biology into geology. They can 
promulgate an interest in fossils as the remains of once-living organisms, and above 
all they can work to establish on a much broader basis than exists at the present 
time the concept of evolution as a basic factor in the study and philosophy of geology. 
Such is the contribution of vertebrate paleontology within the science of geology. 

There is, however, a very important function that can be performed by vertebrate 
paleontology beyond the immediate boundaries of the science of geology. This is the 
presentation of paleontology and through it, geology, to the general public. In 
these days this isa service the importance of which should never be underestimated. 

Of the natural sciences, geology is perhaps the one least appreciated by the public 
at large. It is a science that is virtually untaught in the secondary schools, so that 
to the average beginning college student geology is a completely unknown subject. 
The same is not true for physics, or chemistry, or biology. 

Yet in spite of this general ignorance of geology and paleontology, there is a 
widespread and active interest in fossil vertebrates, especially in the dinosaurs. 
Any museum man can verify this. In a large museum, such as The American Mu- 
seum of Natural History, the dinosaurs admittedly constitute one of the strongest 
attractions that bring the public to the museum halls. 

And to a great degree the same is true for the other large and dramatic extinct 
vertebrates—for instance, the plesiosaurs and ichthyosaurs of the Mesozoic, or the 
titanotheres, rhinoceroses, horses, bovids, mastodonts, and mammoths of the Ceno- 
zoic. Moreover there is a very general and intense public interest in the ancestors of 
Man. Mister Average Citizen is fascinated no end by the remains of the strange 
beasts that once inhabited the earth. He is very profoundly interested in his own 
ancestors. He wants to learn about the extinct animals of the earth, and about 
extinct men, about the environment in which they lived, about the reasons for their 
extinction, and about the changes that have taken place on the earth since these 
great animals were once dominant. 

Because of this interest there is a great opportunity in the subject of vertebrate 
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paleontology for further instruction of the public in the whole field of geology. It is 
the point of contact for a vast public audience with the broad aspects of geology, and 
through this contact it affords an opportunity to arouse public interest in the subject 
asa whole. The same can be said for mineralogy, too. Fossil vertebrates for their 
strangeness and their great appeal to the imagination, fossil men because of Man’s 
preoccupation with himself, minerals for their beauty; these form the introduction to 
geology that is open to most people. 

So again the subject of vertebrate paleontology can perform an interpretive 
function—it can be of inestimable aid in bringing the subject of geology before the 
general public. The interest in fossil vertebrates can serve to advertise geology to 
the layman and to instruct him in the subject. This is a function of the utmost 
importance, for we need more public interest in and appreciation for geology. The 
development of a wider appreciation for the subject than now exists should lead 
eventually to increasingly broad support for geology, not only at the collegiate level 
but also at lower levels, so that in time it is conceivable that there could be some 
instruction in the science in the secondary school system. The benefits to geology 
of such a trend need not be emphasized here. 

Such is the messsge that is being brought to the attention of the geological group 
at this time. There are various functions for vertebrate paleontology within and 
beyond the field of the earth sciences, but two functions are here presented for the 
consideration of all students of geology. First there is the function of studying 
evolution in the light of modern concepts of the subject, and interpreting it within 
the confines of the earth sciences. This supposes for vertebrate paleontology what 
should be true for the entire field of paleontology—namely, that it should occupy a 
truly intermediate position between the sciences of geology and biology. Secondly, 
there is the function for vertebrate paleontology of interpreting evolution tothe 


. general public, and through such an interpretation of arousing interest in the layman 


for the subject of geology as a whole. 


Taz American Museum or Naturat History, New Yorx 24, N. Y. 
Manvuscarpt RECEIVED By THE SECRETARY OF THE SOCIETY, JANUARY 10, 1947, 
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DISTRIBUTION OF FOSSIL FRESH-WATER MOLLUSKS 
BY TENG-CHIEN YEN* 


In considering the distribution of present-day nonmarine mollusks, one’s thoughts 
turn instinctively to the natural barriers which stand in the way of their migrations. 
Such barriers as the seas, mountain ranges, and deserts seem virtually insurmount- 
able, and some of them, with extreme temperature and absence of water and vegetable 
life, form decidedly effective obstacles to the dispersal of the animals within certain 
zones. ‘These natural boundaries provide the fundamental bases of zoogeography. 

Fresh-water mollusks cannot voluntarily migrate across the land from one body of 
water to another, and the barriers between pond and pond, lake and lake, and one 
river system and another seem all but insuperable. It might be expected therefore 
that the areas of distribution of present-day fresh-water mollusks would be greatly 
restricted. However, exactly the opposite is true. We find that the geographic 
ranges, not merely of genera, but even of individual species, are surprisingly wide. 
This is particularly true for species of pulmonate gastropods and pelecypods. A num- 
ber of genera in the Lymnaeidae, Planorbidae, Physidae, Ancylidae, Unionidae, and 
Sphaeriidae are world-wide in distribution. Individual species such as Lymnaea 
stagnalis occur over the whole of Europe and northern Asia to Amurland, and over 
North America from the Atlantic to the Pacific. Lymnaea peregra is found in eastern 
Siberia, Iceland, and Europe. Lymnaea truncatula is almost as widely distributed as 
L. stagnalis. Aplexa hypnorum is recorded in eastern Siberia, northwestern America, 

and Europe. Gyraulus albus has been recorded from various parts of Europe, north- 
em Asia to Amurland, Kamchatka and Japan, the Altai-Baikal area, Alaska and 
Greenland, northern Canada, and eastern North America. Many other examples 
might be cited. 

Further, if we examine the distribution of fresh-water mollusks in any specific 
region in the world, the conclusion may be reached that it is much more nearly uni- 
form than that of the strictly terrestrial forms in the same area. The present writer 
has recorded (1939) that certain species of Radix, Galba, Gyraulus, Viviparus, Unio, 
and Corbicula exist throughout the entire extent of China proper. Pilsbry and 
Bequaert (1927), after studying the molluscan fauna of the Belgian Congo, concluded 
that the outstanding features of the fresh-water malacology of the colony, which 
covers approximately 900,000 square miles, are its poverty in generic and specific 
types and its uniformity over immense areas. It is a well-known fact that even in 
New Zealand, one of the most isolated regions in the world, out of about 10 genera of 
fresh-water mollusks only one is unknown to other parts of the world. 





* This work was carried on under the financial support of a grant from the Penrose Fund of The Geological Society 
of America. To the officers of the Society, my thanks are due. I wish also to extend my thanks to Dr. Carle Dane, 
Dr. John B. Reeside, Jr., Dr. William W. Rubey, and Dr. J. Steele Williams for their keen criticisms, which indeed 
improve considerably the contents in presentation. It should be mentioned that the generic nomenclature in a num- 
ber of species adopted in this paper is in its broad sense, for the convenience of the readers in general. 
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Physical factors may have great influence upon the distribution of mollusks, 
Changes in drainage in an area may be important. A great discharge of flood water 
sometimes changes the course of a river. Stream piracy connects drainage basins 
that previously were separated and may thus be responsible partly for the diffusion 
of a fresh-water fauna over extensive areas. 

Floating objects may carry mollusks from one area to another. Floating ice may 
be accredited as a means of dispersal, for various forms of mollusks have been known 
to survive after having been frozen. Binney (1851) recorded that a Succinea has been 
frozen in a solid block of ice and yet survived unharmed. Species of Anodonta and 
Viviparus, as was observed by Joly (1891), may be kept frozen for sometime without 
being killed, and the operculate snails have produced young after being thawed. 
Species of Lymnaea and Planorbis have been reported to have been frozen for 4 to 6 
weeks and be still alive. Here we have a means by which the animals of more 
northerly regions may cross seas, for when enclosed in ice they would be effectively 
protected from the injurious effects of salt water. Guppy (1887) has suggested that 
mollusks that bury themselves in winter in the mud at the bottom of rivers may pos- 
sibly be transported, even across the sea, in the frozen mud buoyed by ice. Floating 
rafts or islets may be also a means of dispersal. Some fresh-water mollusks, as, for 
example, many kinds of snails, may bury themselves in mud, and others, of amphibi- 
ous habit, may leave the water and thus could be carried by floating masses of earth 
and vegetation out to sea, in calm weather, to great distances. 

It is evident that a few purely accidental means of dispersal are not sufficient to 
account for the widespread distribution of many species and genera of fresh-water 
mollusks, and we must seek further explanations. Uniformity of fresh-water mollus- 
can faunas over wide areas may be attributed to biological as well as physical means 
of dispersal. 

Aquatic birds are familiarly known to act as means of dispersal. Fresh-water 
mussels or operculate snails have been found attached to the feet of sandpipers and 
herons, and such cases have been therefore taken as evidence of another process in the 
distribution of fresh-water mollusks. Molluscan species could certainly be carried 
vast distances in this manner. This has been confirmed by work on Planorbidae by 
F. C. Baker, carried out during his life time though published only in 1945. He found 
that the migration routes of certain migratory birds, especially the wading birds and 
ducks, are similar to the geographic distribution of the planorbid snails, From this 
evidence he suggested that many islands of the West Indies may have been populated 
with planorbids and other fresh-water snails through the agency of birds. 

Over shorter distances, but in more or less similar manner, small fresh-water mol- 
lusks are also carried by aquatic insects, crustaceans, and amphibians. An interest- 
ing example was recorded in France (Kew, 1893) of a crayfish with a shell (Cyelas 

fontinalis) clinging to every one of its eight ambulatory legs. Even the fresh-water 
limpet, a kind of inoperculate snail, that generally adheres to stones and water plants, 
has been recorded as being carried away on the backs of flying aquatic beetles, and it 
is sometimes found attached to frogs and turtles. It is true that the aggregate effect 
of migrations by such means may have been very slow, but there seems little doubt 
that they have been going on steadily. 
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Further, W. Kobelt (1871), a well-known zoologist of the last century, who special- 
ized in studies of mollusks, suggested that small mussels and at times even operculate 
snails, when swallowed alive by birds, may possibly .pass through the intestines un- 
hurt. Kobelt’s suggestion and many of the observations and deductions mentioned 
above merit further investigation in the field and in the laboratory. 

Special adaptations and characters possessed by some fresh-water mollusks greatly 
aid dispersal. In the case of Basommatophorus species, such as those of the Ello- 
biidae, Ancylidae, Lymnaeidae, Planorbidae, and Physidae, a single snail carried into 
a body of water in a new area would be sufficient for multiplication, since self-fertili- 
zation is easily accomplished. In this manner, after the animals have been trans- 
ported to new places by natura] means in one way or another, they will develop new 
colonies if conditions are favorable. 

Some of the fresh-water mollusks exhibit remarkable tenacity of life, particularly 
the small mussels like Sphaerium and Pisidium. These forms sometimes occur in 
ponds or lakes which become dry during part of the year, and they seem to be able to 
withstand drought. Species of Lymnaea are able to survive for considerable length 
of time when deprived of water. Pilsbry (1896) reported that Lymnaea bulimoides 
packed in wet cotton for transportation, could resist dryness for as long as 45 days. 
The planorbids are also able to withstand unfavorable features in their environment, 
as they can resist drought as well as live in water bodies located at altitudes of over 
10,000 feet. Species of such operculate snails as Viviparus and Amnicola are reported 
to be able to stand drought for a period of over 3 weeks. 

Tenacity of life may be partly facilitated by the morphological structure of the 
mollusks. The mussels have two valves, united in most species by a strong and 
powerful hinge, formed by chitinous ligament and closely interlocking teeth. Under 
normal conditions, they frequently lie with their shells slightly apart, but quickly close 


_ them when disturbed. Under adverse conditions, the valves are often tightly closed 


for considerable lengths of time. Some of the fresh-water snails bear opercula, which 
are chitinous or calcareous covers firmly attached to the animals and capable of clos- 
ing the aperture of the shell completely. Under unfavorable conditions, the animals 
can withdraw themselves inside the shells and remain for a considerable length of 
time. 

Just as the species of a living fauna reflect the environment, so the species and as- 
semblage of species of fossil faunas reflect the environments under which they lived. 
For example, the bionomics of a lake are considerably different from those of a river, 
and similar differences are expressed in fossil faunas. The fossil faunas can also sup- 
ply data whereby the formations may be classified according to relative dates, and 
beds in one region correlated with those of another. Though the wide range in 
present-day distribution of fresh-water mollusks reduces their significance in zooge- 
ography, since few fresh-water molluscan genera or species are restricted geographi- 
cally, this very characteristic of these animals—uniformity over wide area within a 
specific range of time—is of great value for the purpose of correlating geological for- 
mations that may be exposed over extensive areas and contain only fresh-water 
mollusks. 

Knowledge of the environment under which certain beds were deposited often aids 
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in the interpretation of the geologic history of regions and at times in the correlation 
of formations. Certain fresh-water mollusks are extensively and satisfactorily used 
to determine whether deposits are of marine, brackish, or fresh-water origin. No 
record is known of such marine genera as Emarginula, Eulima, Cerithidea, Colum- 
bella, Nassarius, and Siphonaria in beds that by all other criteria are of fresh-water 
origin; nor of such nonmarine genera as Viviparus, Valvata, Ancylus, and Planorbis 
in a brackish-water deposit. 

It is sometimes possible to support or disprove correlations by determining whether 
a deposit is of marine or fresh-water origin. A dark-grayish limestone bed exposed 
along the Gunnison River in SE } Sec. 26, T. 14 S., R. 98 W., about 1 mile northeast 
of the railway station of Dominguez and about 23 miles southeast of Grand Junction, 
Colorado, was considered by some geologists to be a marine deposit belonging to the 
Upper Jurassic San Rafael group. The finding of a few specimens of Gyraulus veter- 
nus in this bed in the summer of 1945 led to the conclusion that the bed in question is 
of fresh-water origin and probably is part of the Morrison formation. Later on some 
fragments of Unios were found in the same bed. 

Furthermore, among the fresh-water mollusks the occurrence of a considerable 
number of operculate prosobranchs generally indicates a deeper-water facies, while 
dominance of the pulmonates implies a shallow-water deposit, say 5 to 6 feet in depth, 
If an abundance of species of Viviparus is present together with many pulmonates, 
and some of the air-breathing forms are found inside of the operculate shells, the asso- 
ciation may still imply a shallow-water or shore facies, for the dead shells of the 
deeper-water forms may have been carried ashore by waves and currents. 

It is unfortunate that pelecypods and gastropods in general, and species of fresh- 
water habitat in particular, have often been too much undervalued as useful time 
indicators. R. Abrard (1925) is, for example, one of the many who consider that 
mollusks are of very little value for dating fossils. A negative conclusion, however, 
does not mean the end of a research effort, and any generalization based on negative 
data may be misleading. Let us look into the known record of fossil fresh-water 
mollusks, a comparatively small group and not yet well worked out. There is no 
lack of evidence that these mollusks in even the present state of knowledge of them 
provide valuable data for stratigraphy. 

The pioneer work on Viviparus of Neumayr and Paul (1875) and Calvert and 
Neumayr (1880) may serve as a classic example to show that species of fresh-water 
mollusks can be used to establish the existence of an evolutionary trend in a certain 
group. These forms have proved to be quite valuable in correlation of Levantine 
beds in southeastern Europe. The nonmarine genera of pelecypods such as Carbomi- 
cola, Anthracomya, Naiadites, and Anthraconauta have been employed for the purpose 
of correlating and identifying strata in the coal measures of Great Britain by A. E. 
Trueman (1933) and others. Planorbis pseudoammonius is extensively used to iden- 
tify the lacustrine beds of Lutetian age in North Alsace, on both sides of the Rhine 
River south of Black Forest, and at Provins in France, where numerous individuals 
of this fresh-water species abound in the limestone. 

From North America, particularly from the Rocky Mountain region, one of the 
very few regions in the world where sequences of Mesozoic and Tertiary fresh-water 
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deposits are extensive, and in which fossil mollusks are abundant, a number of in- 
stances may be selected to illustrate the usefulness of fresh-water molluscan remains 
to stratigraphy. 

An identical assemblage of species of mollusks has been reported from Lower Creta- 
ceous beds near Great Falls, Montana (Stanton, 1903); in Alberta, Canada (McLearn, 
1929); in the Eureka district, Nevada (MacNeil, 1939); and from Sage Creek, 
Wyoming (Yen, 1946). It is also known from other localities. The assemblage 
contains the following species: 


Protelliptio douglassi (Stanton) Stantonogyra silberlingi (Stanton) 
Protelliptio douglassi hamili (McLearn) Lioplacodes cretaceus (Stanton) 
Eupera onestae (McLearn) 


Certainly the inference is warranted that this fauna represents nearly the same time 
interval and similar ecologic conditions. 

Tulotoma thompsoni White, Melania insculpta Meek, Proparreysia holmesiana 
(White), P. letsont (Whitfield), and others are characteristic species in very late 
Upper Cretaceous fresh-water beds exposed in Montana, Wyoming, Colorado, and 
New Mexico. 

The species of the following group occur widely in the Fort Union formation, in 
various parts of North Dakota, Wyoming, and Montana: 


Viviparus raynoldsanus (Meek and Hayden) Micropyrgus minutulus (Meek and Hayden) 
Lioplacodes limnaeiformis (Meek and Hayden)  Pleurolimnaea tenuicosta (Meek and Hayden) 
Lioplacodes mariana Yen Carinorbis planospiralis Yen 


Goniobasis tenera (Hall), and some of its subspecies, and Physa pleromatis White 
are dominant in the Wasatch formation of early Eocene age; and Lymnaes similis 
White, Physa bridgerensis Meek, Planorbis cirrus White, Planorbis spectabilis Meek, 


‘ and Planorbis utahensis Meek in the Bridger beds, of somewhat later Eocene age. 


It is almost axiomatic that sound interpretations of fossils depends on studying the 
association of species and on the accuracy of the specific identifications, but satisfac- 
tory results can be achieved only by having extensive collections of material and 
specimens in good state of preservation. Furthermore, necessary data must first of 
all be assembled and analyzed to provide a standard of reference, before later data 
can be practically applied in dating and correlating widely scattered beds with 
greater precision. 
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ABSTRACT 


X-ray, microscopic, microchemical, contact-print, and mineral synthesis techniques 
have been applied to the problem of the relationships of the higher natural arsenides 
of cobalt, nickel, and iron. The data obtained have been correlated with a review 
of existing analyses. 

Both the isometric and “‘orthorhombic’ groups exhibit limited isomorphism in 
regard to the three metals, and the two groups appear to be essentially comple 
mentary. The isometric members form a single group of triarsenides with the 
skutterudite structure. The long-held assumption that published analyses indicate 
the existence of an isometric diarsenide series is not substantiated by a critical review 
of the analyses. Extensive arsenic deficiency shown by published analyses o 
isometric arsenides is due largely to mechanical inhomogeneity involving ‘‘ortho- 
rhombic” diarsenides, niccolite, and other minerals. Isomorphous substitution of 
metal for arsenic may contribute to the arsenic deficiency, but evidence for this was 
not obtained. 

The lattice constants of the isometric arsenides are related to the ratio between the 
three metals, varying directly with increasing nickel, iron, or nickel and iron content. 
Variations in arsenic ratio do not appear to influence the lattice constants apprect 
ably. The lattice constants range from 8.187 A to 8.311 A, an increase over that 
previously recorded (8.18A to 8.27 A). 

Isometric arsenide crystals are almost invariably zoned and inhomogeneous, 
containing both isometric and nonisometric constituents. Fine granular aggregates 
of “orthorhombic” diarsenides frequently occur in these complex cubic crystal 





1 The term “orthorhombic” in quotation marks is used as a group term for the nonisometric higher arsenides, all 
which are orthorhombic with the exception of safflorite which Peacock (1944) considers monoclinic with rectangular axts 
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375 | and have probably often been overlooked since the anisotropism is weak. The 
375 | inhomogeneous character of these zonal crystals could account for many of the 

rted compositional peculiarities of the isometric arsenides such as extensive 
arsenic deficiency and extreme variation in the cobalt-nickel-iron ratio. 

Since there is no valid basis for an isometric diarsenide series, it is urged that the 
names smaltite, chloanthite, chathamite, and arsenoferrite, long associated with an 
alleged series of isometric diarsenides, be dropped. The single term skutterudite 
should be applied to all isometric arsenides of cobalt, nickel, and iron and in a re- 
stricted sense to those in which cobalt is dominant; the appropriate modifiers, nickel- 
jan and ferrian, would indicate dominance of nickel and iron respectively. Such a 
terminology is believed adequate since the isomorphism between cobalt, nickel, and 
jron in the isometric group is clearly limited, and only a single end member (cobalt) 
Pa [| appears to exist. 

304 The ‘‘orthorhombic”’ diarsenides exhibit both discontinuous and limited iso- 

344 | morphism between cobalt, nickel, and iron; those high in nickel are completely 
separated from the iron-bearing members by a broad wedge of isometric arsenides. 
316 | The term rammelsbergite is retained for the common high-nickel member, and 
3 | pararammelsbergite for the rarer nickel—rich form. The term loellingite is applied 
to all iron-rich orthorhomic diarsenides and in a restricted sense to those with an 
spe | iron ratio greater than 85. The group of iron-rich orthorhombic diarsenides with 

308 — an iron ratio of less than 85 and with cobalt dominant over nickel may be termed 

32 — cobaltian loellingite. The corresponding group with nickel dominant over cobalt 

358 | is designated nickelian loellingite. Safflorite has been rather generally accepted 

300 } for the cobalt end member of an allegedly unlimited isomorphous series of ortho- 

36 — rhombic diarsenides, the other end members being loellingite and rammelsbergite. 
There is no evidence for the existence of such a cobalt end member of the ‘‘ortho- 
thombic” series, either from the available data on natural material or from the 
experiments in synthesis. The plotting of the published analyses indicates a cluster- 
ques f ing of “orthorhombic” analyses in the mid-portion of the cobalt-iron edge of the 
‘ides | diagram. The symmetry of these iron-cobalt arsenides is monoclinic according to 
view | (Peacock, 1944), justifying the retention of the name safflorite as a species distinct 
from loellingite. However it should be redefined as a monoclinic diarsenide of 
min — ‘ cobalt and iron in which the proportions of the two metals are approximately equal 


iple- 


Seseess9 


° PROBLEMS OF THE HIGHER ARSENIDES 
cal 
me The minerals studied are the so-called white arsenides of cobalt, nickel, and iron, 


tho | ‘distinguished by color from the reddish, lower arsenides such as niccolite and 
mn of § maucherite. They may also be referred to as the higher arsenides since all members 
was § have an arsenic content greater than that required for the composition RAs. 
The extent of isomorphous substitution between cobalt, nickel, and iron furnishes 
a major problem of the isometric arsenide series. Substitution has been generally 
rec: # considered unlimited, even to the extent that cobalt, nickel, and iron end members 
that | have been reported. For many high-iron and high-nickel occurrences, originally 
cited as isometric, restudy of material from the localities in question and attention to 
sous, @ the original descriptions reveal that the analyzed materials were often either “ortho- 
gates § thombic’’ arsenides, mistakenly identified as isometric, or inhomogeneous mixtures. 
Variation in metal-arsenic ratio shown by published analyses of the isometric | y | 
arsenides is a problem of considerable interest. The ratio of metal to arsenic in the 
— 195 published analyses ranges from 1:1.12 to 1:3.68. This has been explained as 
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due either to mechanical inhomogeneity or isomorphous substitution of arsenic for 
metal or of metal for arsenic. Heretofore no extensive investigation of the problem 
has been attempted. 

The remarkable zonal structure of the isometric arsenides was recognized long ago, 
Microscopic, analytical chemical methods and partial solubility techniques haye 
been employed in earlier attempts to identify the individual components, but the 
identification of the constituents has not been checked by x-ray methods. The 
identity of the constituents in the zonal crystals is essential to the solution of the 
problem of isomorphous substitution among the three metals as well as that of metal. 
arsenic ratio. 

Another problem concerns the variation in the lattice constants of the isometric 
arsenides, first noted by Oftedal (1926; 1928). He suggested that the differences are 
due to variations in metal-arsenic ratio or variations in the ratio of the three metals 
but left the problem unsolved. Oftedal (1926; 1928) recognized the apparently 
anomalous structural stituation in which two parallel series of isometric arsenides, one 
of diarsenides (smaltite, e¢c.) and another of triarsenides (skutterudite, etc.) possess 
identical crystal structures. The solution is closely related to the problems of 
variation in metal-arsenic ratio and variation in lattice constants. 

The long-held assumption that two parallel series of the arsenides of these metals 
exist, one isometric, the other “orthorhombic”, each exhibiting unlimited isomor. 
phous substitution between cobalt, nickel, and iron, is unsupported. Both iso 
metric and “orthorhombic” arsenides containing all three elements exist, but the 
extent of isomorphous substitution within each group is open to question. The 
present view of unlimited solid solution is based largely on chemical analyses, most of 
which were made many years ago on material whose homogeneity had not been 
ascertained and whose structural identity as isometric or “orthorhombic” had not 
been established. 

Emphasis has been placed on the problems relating to the isometric arsenides; 
however, two problems of the “orthorhombic” series have been given consideration; 
the extent of isomorphous substitution between cobalt, nickel, and iron and the 
question of nomenclature. A number of changes in nomenclature and classification 
are found necessary. A classification and nomenclature of the higher arsenides is 
offered in Table I where comparison is made with the conventional classification of 
these minerals used by many authors in recent years and with that employed in the 

new 7th edition of Dana’s System of Mineralogy (Palache, Berman, and Frondel, 
1944). Therelations of the minerals under discussion are shown diagrammatically 
in Figure 1. The conventional classification assumes the existence of three distinct 
mineral series. Most authors imply that each series exhibits unlimited isomorphous 
substitution between cobalt, nickel, and iron. Restudy supports the view that the 
isometric diarsenides are nonexistent and that all isometric members are essentially 
triarsenides. These may be represented by a triangular diagram (Fig. 1a) in which 
(cobaltian), nickelian, and ferrian skutterudite form the three segments. The 
“orthorhombic” diarsenides comprise discontinuous and limited units (Fig. 1b) 
which together are essentially complementary to the isometric arsenides. 


TaBLe 1.—Classification and nomenclature of the higher arsenides of cobalt, nickel and iron 
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| Classification in 7th edition of Dana’s System, | 
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FIGURE 1.—Relation of composition to crystallization in the higher arsenides. 
(a) Isometric triarsenides (b) “‘Orthorhombic” diarsenides 
1. (Cobaltian) Skutterudite Orthorhombic 
2. Nickelian Skutterudite 4. Rammelsbergite and Pararammelsbergite 
3. Ferrian Skutterudite 5. (Ferrian) Loellingite 


6. Cobaltian Loellingite 

7. Nickelian Loellingite 
Monoclinic 

8. Safflorite 
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MICROSCOPIC INVESTIGATIONS 


. The microscopic methods used follow the standard practices developed by 

Schneiderhéhn and Ramdohr (1931; 1934), Short (1940), and others in the investiga- 
tion of the opaque ore minerals. 

Surfaces of two types were employed: standard bakelite mounts polished on a 
Graton-Vanderwilt machine and hand-polished surfaces. Unmounted, hand- 
polished specimens are preferred as they are prepared more rapidly, larger specimens 
may be polished, and the electrolytic contact-print method is more readily 
applied. To use the electrolytic contact-print method on specimens mounted in 
bakelite blocks, one must drill through the bakelite to make contact with the 
metallic specimen. If the sample contains considerable gangue, several holes may 
be drilled before a suitable contact is established. 

An electrically driven flexible shaft drill was used to obtain material to be used in 
microchemical testing and in the preparation of x-ray samples. The drill is similar 
to that described by Harcourt (1937) but differs in two respects: (1) It is mounted 
on a Leitz “manipulator” permitting easy and accurate control in one vertical and 
two horizontal directions; (2) two interchangeable clamps permit the use of both 
ordinary dental drills and needles. 

The chemical methods used were entirely qualitative. The lack of homogeneity 
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revealed by microscopic observation indicates that comparatively few specimens of 
these minerals offer the possibility of securing sufficient material of acceptable purity 
for standard quantitative analysis. The contact-print technique of Gutzeit (1942a), 
especially the electrolytic variation was used extensively. The limitations of the 
contact-print method in the case of certain minerals exceptionally resistant to attack 
necessitated the use of microchemical tests following the technique of Short (1940), 
Etching with HNO; was employed to develop zonal and other structures. Often the 
surfaces were strongly etched during the preparation of contact prints, and further 
etching was unnecessary. 


CONTACT-PRINT STUDIES 


The contact print provides a permanent record of the distribution of a particular 
element throughout the area of a polished surface. Examples of such prints are 
shown in Plate 1. The principle of the method was first employed by the metallur- 
gists Baumann (1906) and Heyn (1906). Niessner (1929) and Glazounov (1929) 
revived interest in it. This renewed interest is undoubtedly due to the development 
of “spot testing” by Feigl (1935; 1937; 1943) during the period 1920-1930 which 
provided specific color reactions for most of the elements. The first application of 
the contact-print method to minerals appears to be that of Jirkovsky (1932). From 
1932 to 1937 Gutzeit and his coworkers at the University of Geneva, Switzerland, 
developed the application of the method to minerals. Although 13 years have 
elapsed since the publication of the first paper by Gutzeit, Gysin, and Galopin 
(1933) use of the method seems to have been limited. The short papers of Gutzeit 
(1942a; 1942b), especially the former, provide an excellent summary. 

The basic principle is the same as that underlying spot testing. Spot testing 
depends on the use of so-called specific reagents which produce a characteristic color 
in the presence of a particular element. Spot tests can be used as an adjunct to 
reflecting microscope methods in the same manner as the usual microchemical 
reactions. A small amount of the mineral is chiseled or drilled out of the polished 
surface and is dissolved by an attacking reagent. A drop of this solution is placed on 
a piece of white filter or blotting paper. A drop of the appropriate specific reagent 
is then applied to the center of the spot. In the case of nickel, using dimethyl- 
glyoxime, the customary pink reaction is observed. However, with both spot testing 
and orthodox microchemical testing the presence of an element is established only at 
a particular point on the surface. 

The simple contact-print method consists of two operations as in spot testing: 
(1) the application of the attacking reagent, and (2) the application of the specific 
reagent. Gelatin-coated photographic paper from which the silver salts have been 
removed is prepared in advance and dried, or gelatin-coated paper free from silver 
salts can be secured from the Eastman Kodak Co. Pieces of this paper cut to a 
size slightly larger than the specimen are soaked for several minutes in an appropriate 
attacking reagent acids or strong bases). The excess reagent is removed by pressing 
the sheet between two pieces of white blotting paper. This paper, saturated with 
the attacking reagent, is placed with the gelatin side against the polished surface, 
good contact being assured by applying pressure. The length of attack varies from 
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a few seconds to several minutes depending on the minerals involved. The paper is 
stripped from the surface and placed immediately in the specific reagent, (mostly 
complex organic compounds). A color pattern develops showing the distribution 
of the element in question throughout the entire area of the polished surface. Re- 
agents such as NH,OH, although ineffective under ordinary conditions, readily 
dissolve a sufficient quantity of material from a polished mineral plate to yield a 
specific reaction. This unusual solubility is believed due to mechanical disruption of 
the surface layers as a result of polishing. Successive prints become increasingly 
weaker unless the surface is repolished. The most complete treatment of the simple 
contact-print method is given by Gutzeit and Galopin (1934) and Gutzeit (1942a). 

An electrolytic variation of the method devised by Glazounov (1929), and first 
used on minerals by Jirkovskey (1932), was further developed by Hiller (1937). 
The procedure follows that of the simple contact-print method just described, but a 
current of 4-16 volts and less than 50 milliamperes obtained from a battery of 6 to 10 
dry cells is employed during the attacking operation. The specimen is brought into 
contact with the (+) pole of the battery, and a sheet of aluminum attached to the 
(—) pole is placed below the gelatin paper. Anodic dissociation takes place on the 
mineral surface, and the (+) ions set free are trapped in the gelatin on their way 
through to the (—) aluminum sheet. By means of this device the time of attack 
is greatly decreased. Minerals essentially insoluble under the conditions of the 
simple contact-print method can be investigated, and the rapidity of the reaction 
results in sharper prints since lateral diffusion is reduced. Prints showing the 
distribution of negative elements such as sulphur and antimony or arsenic can be 
prepared by reversing the (+) and (—) leads from the battery. This method is 
limited to the investigation of minerals that are conductors, and cannot be used 
when the mineral occurs as isolated crystals in a nonconducting gangue. If the 
specimen is mounted in bakelite it is necessary to bore a hole through the bottom 
of the block so that a needle attached to the lead from the battery can be brought 
into contact with the specimen. 

Caution must be exercised in attempting to make quantitative estimates by the 
use of the contact-print method since the depth of color obtained is proportional to 
the amount of material dissolved rather than the amount of the element present. 
Hence the relative solubility of the various minerals and potential effects influence 
the intensity of the color. 

Reference to the use of the contact-print method with the isometric arsenides of 
cobalt, nickel, and iron is made in the following papers: Gutzeit and Galopin (1934) ; 
Wenger, Gutzeit, and Hiller (1934); Galopin (1936); Hiller (1937); Gutzeit (1942a; 
1942b). In all cases these are descriptions of technique; the minerals merely serve 
as examples of the application of the method. Gutzeit and Galopin (1934) observed 
that specimens of the isometric arsenides high in cobalt and iron were less soluble 
than high nickel members. Apparently no use has heretofore been made of the 
method in attempting to solve any of the problems of this group. 

The method proved helpful in establishing the distribution of cobalt, nickel, and 
iron. After a little experience it was found that much time was saved in mineral 
identification by preparing a set of contact prints of each polished surface before 
making observations under the microscope. 
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EXPLANATION OF PLATE 1 


Specimen No. 1—Cobalt, Ontario—Complex nodular aggregate of nickel-rich arsenides, rammels- 
bergite and pararammelsbergite, rimmed by successive narrow cobalt-rich zones of skutterudite and 
cobaltite. These are followed in turn by bands of an iron-cobalt nonisometric arsenide (safflorite ?) 
and finally by loellingite. 

Specimen No. 2—Skutterud, Norway—Massive skutterudite, nearly devoid of nickel and iron, 
intergrown with cobaltian arsenopyrite (danaite). Intricate boundary relations of the two minerals 
are brought out clearly by the prints. 

Specimen No. 3—Schneeberg, Saxony—Intergrown cubes of skutterudite, illustrating frequently 
observed inhomogeneous and zonal character of isometric arsenide crystals. Orthorhombic nickel 
arsenide rammelsbergite forms core of each crystal. This is surrounded by successive shells of the 
isometric arsenide, skutterudite. Variable cobalt-nickel-iron ratio of the several zones of isometric 
material evident in prints. Niccolite on the surface of the isometric crystals is additional complica- 
tion. Such niccolite masses frequently observed within zonal isometric crystals. 
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NICKEL IRON COBALT 


CONTACT PRINTS OF COBALT-NICKEL-IRON ARSENIDES 


Prints obtained from polished plates of representative minerals of this group to 
illustrate the application of the contact-print method in determining the distribution of 
elements in a complex mineral assemblage. Dimethylglyoxime used in the localization of 
nickel provides the well known pink reaction. The orange-brown cobalt prints are secured 
by the use of alpha-nitroso-beta-napthol. The blue and green colors indicating iron are 
due to potassium ferrocyanide. The pale-gray and pale-brown prints provided respectively 
by cobalt-and nickel-rich minerals in the presence of potassium ferrocyanide do not mask 
the iron reaction. 
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SYNTHESIS OF THE HIGHER ARSENIDES OF COBALT, NICKEL, AND IRON 


GENERAL STATEMENT 


The uncertainty regarding much of the existing chemical data rendered it necessary 
to attempt the synthesis of as many of the higher arsenides as possible. The follow- 
ing section is a review of previous attempts at synthesis, a description of the experi- 
mental technique, and the correlation of experimental data with x-ray diffraction 
analysis. The experiments in mineral synthesis were undertaken in order to prepare 
arsenides of known composition as an aid in investigating the isomorphism of this 
group. No attempt was made to conduct a systematic study of the system cobalt- 
nickel-iron-arsenic. The experiments differ from previous attempts in two respects. 
They were not confined to the synthesis of single-metal arsenides. Both intermediate 
bi-metal and more complex tri-metal arsenides were investigated. The products of 
synthesis were examined for homogeneity, and the phases were identified by powder 
x-ray methods. 


PREVIOUS SYNTHESIS OF THE HIGHER ARSENIDES 


General statement.—With few exceptions only lower arsenides (with a metal-arsenic 
ratio of 1:1 or less) have been obtained in previous experiments. Only two attempts 
have been made to investigate systems involving more than one metal, and both 
resulted in the production of lower arsenides. Observations on the higher arsenides 
are less numerous because they do not ordinarily form under the conditions commonly 
employed. The methods most frequently followed have been either “wet” chemical 
reactions in dilute solutions or ‘dry fusions” of arsenic and the appropriate metal 
under a protective cover of molten flux. Under such conditions the mono-arsenide 
seems to be the highest phase obtainable. The higher arsenides apparently form 
only under conditions of dry fusion or gaseous diffusion in a saturated arsenic 
atmosphere. 

All previous syntheses of the higher arsenides of these metals were carried out prior 
to 1917, and all were concerned with simple two-component systems (Co-As, Ni-As, 
and Fe-As). The identity and composition of the product is open to question in 
every case since these earlier investigators assumed that bringing the powdered metal 
to a condition of ‘constant weight” by heating in an arsenic atmosphere provided 
a single-phase, homogeneous product whose composition could be determined by 
quantitative analysis of the bulk sample or by comparison of the weight of the 
product and the original metalsample. Unfortunately the reaction is that of arsenic 
vapor on solid metal particles hence an impervious coat of higher arsenide tends to 
form around a core of lower arsenide or metal, protecting the latter from further 
effective reaction with the arsenic vapor. Consequently the sample appears to have 
reached “constant weight”’, although it is not a homogeneous single phase. Further- 
more, enough free arsenic may become mixed with the arsenide, at times, to be 
detected in x-ray diffraction patterns. The identity and composition of the products 
of such reactions cannot be established by quantitative chemical methods unless the 
homogeneity of the sample is first established by x-ray or microscopic examination. 
In none of the previous investigations has either the reflecting-polarizing microscope 
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or the x-ray diffraction method been employed to determine the homogeneity of the 
product or to identify the phases. The results of earlier experiments in the synthesis 
of the higher arsenides of cobalt, nickel, and iron are outlined in Table 2. The pro- 
duction of the following phases has been claimed: —CO2As3, CoAs,, Co2Ass, CoAsy, 
NieAss, NiAse, and FeAs». 


Previous syntheses of the higher arsenides of cobalt.—The arsenides of cobalt occur- 
ring in nature, unlike those of nickel, all have a metal-arsenic ratio greater than 1:1, 
No natural cobalt equivalent of niccolite or any lower arsenide is known. The 
generally recognized natural arsenides of cobalt as well as the crystallization and 
composition usually assigned to them follow:—skutterudite (CoAss) isometric, 
smaltite (CoAs,) isometric, and safflorite (CoAs,) orthorhombic. Synthesis of the 
following higher arsenides of cobalt has been reported: CoAss, Co2Ass, CoAse, CosAs, 
has not been reported as occurring in nature, and Co2As; only by Beutell and Lorenz 
(1915) as a hypothetical constituent of smaltite-chloanthite. 

Durocher (1851, p. 825) mentions the synthesis of ‘‘cobalt arsenical en hexaedre” 
but gives no data on the identity of the product. Fouqué and Lévy (1882, p. 276), 
Palache, Berman and Frondel (1944, p. 345), and others credit him with the synthesis 
of smaltite CoAs», but the basis for this seems doubtful. Ducelliez (1907) described 
in detail the synthesis of a series of cobalt arsenides which he later summarized 
Ducelliez (1908). He claimed the production of Cop,As; and CoAs2 by passing a 
stream of hydrogen carrying either arsenic or arsenic chloride vapor over the 
powdered metal at high temperatures. The product was removed and weighed at 
intervals until a condition of constant weight was attained after which it was 
analyzed. Beutell and Lorenz (1916) and Beutell (1916a) used a sealed tube tech- 
nique. They claim the production of four higher cobalt arsenides, CoAss, CopAs, 
CoAsz, CozAss, of which only CoAs; is confirmed by the present study and is believed 
to have been synthetic skutterudite. When constant weight was achieved the 
composition was calculated by comparing the weight of the arsenide with that of the 
original powdered metal. Beutell (1916a) varied this procedure by grinding the 
material repeatedly, reducing the time required to bring the sample to “constant 
weight”. In addition to the synthesis of cobalt arsenide from pure cobalt and 
arsenic, Beutell and Lorenz (1916) and Beutell (1916a) carried out similar experi- 
ments on Speiskobalt (smaltite-chloanthite) which they had first reduced to an 
approximate composition RAs; by heating ina vacuum. This is not a true synthesis. 
Ramsdell (1927), in an abstract, mentions the production of a material “similar to 
artificial smaltite with a composition nearer Co,As; than CoAs,” but does not 
elaborate. 


Previous syntheses of the higher arsenides of nickel—The natural compounds of 
nickel and arsenic are more numerous than those of cobalt and comprise both lower 
and higher arsenides. The lower arsenides are represented by such minerals as 
niccolite NiAs and are not considered here. The generally accepted higher arsenides 
of nickel are rammelsbergite (NiAs:) orthorhombic, pararammelsbergite (NiAs) 
orthorhombic, and chloanthite (NiAs:) isometric. The term nickel skutterudite 








Vigou 


Beute 


Ai 


by! 


Vigou 


Vigou 


has b 
has ¢ 


poun 





esis 
Dro- 


6), 








TABLE 2.—Previous syntheses of the higher arsenides of cobalt, nickel, and iron 
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CoBALT ARSENIDES 













































































Author Date Method CosAss CoAs: CosAss CoAss 
Ducelliez 1907 | AsCl; vapor on Co in Hg, | 400° — —_— — 
and “constant weight,” at- 600°C. 
1908 mospheric pressure 
Ducelliez 1907 | As vapor on Co in Hp, | 400° Below a — 
and “constant weight,” at- 600°C.| 400°C. 
1908 mospheric pressure 
Beutell and 1916 | As vapor on Co in sealed 
Lorenz tubes (tube in tube), 
Beutel 1916A “constant weight” 345°- 385°- 415°- 450°— 
365°C. 405°C. 430°C 618°C. 
NICKEL ARSENIDES 
Author Date Method NieAss NiAss NisAss NiAss 
Vigouroux 1907B | As vapor on Ni in Ha, | 400° 300°- — a 
and “constant weight,” at- 600°C. 400°C. 
1908 mospheric pressure 
Beutell 1916A | As vapor on Ni in sealed _ 400°- a — 
tubes (tube in tube), 450°C. 
“constant weight” 
Tron ARSENIDES 
Author Date Method FesAss FeAss FesAss FeAss 
Richardson 1864 | As vapor on Fe in Hg, at- -—— Red heat a — 
by Percy mospheric pressure : 
Vigouroux 1907A| As vapor on Fe in Hk, _— 300°- —_ — 
“constant weight,” at- 400°C. 
mospheric pressure 
Vigouroux 1907A | As vapor on Fe in sealed — 300°- _ =o 
tubes, “constant weight” 400°C. 
also As vapor on Fe in 
He 
Hilpertand | 1911 | As vapor on Fe in sealed _ 700°C. _ —_ 
Dieckman tubes, then heated to 








| 


constant weight in Hg, 
atmospheric pressure 

















has been used for the high nickel equivalent of cobalt triarsenide, but no pure NiAss 
has ever been reported. Beutell and Lorenz (1915) apparently considered a com- 


pound NicAs; to be one of the components of smaltite-chloanthite. 
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The synthesis of only two higher arsenides of nickel (NiAs: and NieAss) has been 
reported. One of these, NigAss, has not been claimed to occur in nature, and one of 
those claimed to exist in nature, NieAsg, has not been produced synthetically. Vigou- 
roux (1907b; 1908) using the method employed by Ducelliez (1907 ; 1908) in producing 
cobalt arsenides claimed the synthesis of two higher arsenides of nickel, NigAss and 
NiAs:. Beutell (1916a) reported the results of experiments conducted in the same 
manner as those in which he and Lorenz produced cobalt arsenides, but like 
Vigouroux, was unable to produce an arsenide of nickel higher than NiAs». The 
phase NiAs: is confirmed in the present study and their material of this composition 
is believed to have been synthetic rammelsbergite. 


Previous syntheses of the higher arsenides of iron—Natural occurrences of lower 
arsenides of iron are not known, neither has any natural iron arsenide comparable 
with the triarsenide of cobalt, skutterudite, been reported. The higher iron arsenides 
claimed to occur in nature are loellingite (FeAs2) orthorhombic, arsenoferrite(FeAs,) 
isometric, and leucopyrite, orthorhombic. Leucopyrite has usually been considered 
a variety of loellingite but has at times been regarded as a distinct mineral witha 
composition FesAs, or Fe,Ass. The only higher iron arsenide whose synthesis has 
been claimed by previous investigators is FeAs,. Richardson (Percy, 1864) prepared 
a series of arsenides of iron by heating the powdered metal in a stream of hydrogen 
and arsenic vapor at “red heat.” He mentions the production of two higher arsen- 
ides FeAs; and FeAs, but questioned the latter pointing out that a similar experi- 
ment resulted in the production of FeAsp. Vigouroux (1907a) produced the diar- 
senide employing the method he used in the production of nickel arsenides. He 
obtained the same result by heating a mixture of arsenic and iron in a sealed glass 
tube. Hilpert and Dieckmann (1911) produced FeAs: by heating iron and excess 
arsenic in sealed Jena glass tubes, followed by reheating in a hydrogen atmosphere 
at atmospheric pressure until constant weight was attained. The average arsenic 
content of the product in four trials using this method is 73.82, the theoretical value 
for FeAs,. The specific gravity (7.38) lies within the range assigned to natural FeAs,, 
Loellingite (7-7.4). Beutell and Lorenz (1916) claim the production of FeAs 
and FeAs; employing the same (tube-in-tube) methods they used in the production 
of cobalt and nickel arsenides. However, instead of pure iron they used powdered 
loellingite, which had been reduced to approximately FeAs, by heating in a vacuum. 
This is not a true synthesis. In the light of the present study the FeAs» of these 
investigators was synthetic loellingite. 


METHODS OF MINERAL SYNTHESIS OF THE HIGHER ARSENIDES 


“Wet methods” depending on reactions in aqueous solutions have been employed 
by numerous investigators but have always resulted in the formation of lower 
arsenides. Only dry “thermal” methods consisting of a direct attack of arsenic 
on the metal at high temperatures were used in this investigation. Arsenic at ele- 
vated temperatures, unless retained under great pressure, passes directly into the 
gaseous state. Therefore the production of arsenides by dry “fusion” methods is in 
reality an attack of gaseous arsenic on solid or molten metal. This introduces 
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difficulties in attempts to prepare arsenides by thermal methods. Experiments 
conducted in open crucibles under a protecting cover of molten flux have always led 
to the formation of lower arsenides. To produce the higher arsenides it is necessary 
to either use sealed containers or maintain an arsenic vapor atmosphere in an open 
system. At high temperatures the vapor pressure of arsenic results in frequent 
failure of sealed glass containers. Maintenance of an arsenic vapor atmosphere in 
an open system is dangerous and difficult. The problem of containers and furnace 
linings is also complicated due to the readiness with which arsenic attacks most 
metals. 

Powdered C. P. cobalt, nickel, iron, and arsenic were used in the production of the 
monometallic arsenides. Some intermediate arsenides involving two or all three 
metals were prepared from these powdered metals, but most of them were obtained 
by using previously prepared alloy ingots. In many cases attempts to produce 
intermediate arsenides containing two or all three metals resulted in a mechanical 
mixture of two or more phases. It was hoped this could be avoided by insuring an 
intimate mixing of the metals before “arseniding”. Small ingots of alloys containing 
the desired proportions of the metals were prepared in an induction furnace. The 
swirling motion imparted to the melt by the eddy currants in such a furnace favors 
uniform mixing but coring develops on cooling so that the ingots were annealed 
(homogenized) for 10 days at 1000°C. Fragments cut from the ingots were then 
treated in the same manner as the metal powders. 

Two tubular resistance furnances were used for most of the work. These consisted 
of an 18-inch spirally grooved core of alundum on which nichrome wire was wound 
and covered with 4 inches of insulation. The length of these furnaces insures a 
fairly uniform temperature for a distance of about 6 inches in the center. The 
furnaces were used in a vertical position to permit rapid quenching of samples. 
Temperature control was achieved by means of resistance mats to which leads could 
be clamped. No voltage control or other temperature regulating device was avail- 
able, hence it was not possible to maintain the temperature closer than +15°C. due to 
fluctuations in the line current. Temperatures were determined by means of a 
Brown portable pyrometer employing a calibrated Pt-Ptg9Rhip thermocouple. 

Two different methods of synthesis were employed. Most of the experiments were 
carried out in sealed glass tubes, but some were conducted at atmospheric pressure 
in the presence of hydrogen. Some samples were prepared using sealed tubes con- 
taining a mixture of the powdered elements in the correct proportions. For work 
lower than 600°C. pyrex tubes were employed, and fused quartz (silica glass) for all 
work above this. Above 1200°C. silica-tubing disintegrates so that one is limited 
to lower temperatures. Failure of both pyrex and silica tubes was frequent. A 
modification of the sealed-tube method adapted from Beutell and Lorenz (1916) and 
referred to as the “tube in tube” technique was used extensively since it reduces the 
danger of contaminating the product with free arsenic. The powdered metal is 
placed in a small tube within a larger one containing excess arsenic. An opening in 
the small tube permits the arsenic vapor to come in contact with the metal yet keeps 
the excess arsenic separate from the product. After filling, the tube is attached by 
means of a two-way stopcock to a vacuum pump and hydrogen tank, permitting 
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alternate evacuation and introduction of hydrogen. This process is repeated two 
or three times, after which the tube is sealed off. 


FUSED QUARTZ 
SUPPORTING WIRES 


SEAL ———— FROM Hp AND CO, 
CYLINDERS 


ee 





Z 
. 








~ 


THERMQGOUPLE —R&QY | _ OPEN METAL AND 
WN ARSENIC CONTAINERS 
HEATING UNIT 


-— ASBESTOS INSULATION 


4 











FUSED QUARTZ TUBE 
QUENGHING LIQUID IN 
METAL CONTAINER 
SEALED STOPPER 
BURNING Ho FUSED QUARTZ JET 
Ficure 2.—Sectional view of electric resistance ‘urnace used in the synthesis of the higher arsenides. 


Synthesis by action of arsenic vapor on powdered metals in a hydrogen atmosphere; designed to permit rapid quenching 
of the sample. 
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Some of the experiments were carried out in a hydrogen-filled furnace at atmos- 
pheric pressure (Fig. 2). Two open containers are suspended at the center of this 
furnace, one holding arsenic, the other powdered metal. Since the entire furnace is 
filled with arsenic vapor, the supporting wires must be of pyrex or fused quartz 
depending on the temperature. The cylindrical fused-quartz lining projects well 
beyond the furnace. The furnace can be opened without cooling by replacing the 
atmosphere of hydrogen with one of carbon dioxide. Rapid quenching is accomp- 
lished by cutting the supporting wires allowing the tube to drop into a water-filled 
metal beaker at the bottom of the tube. 
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In all thermal methods there is a likelihood of inversion to another phase of the 
same composition or a breakdown into a mixture of two or more phases on cooling. 
The temperatures employed (350°-1050°C.) were below the melting point of the 
metals so that the reaction was one of arsenic vapor on solid metal particles. In 
such cases inhomogeneity may result from the formation of an impervious coat of 
higher arsenide which protects the metal, or low-arsenide center of each particle, 
from further reaction. This is especially true in the preparation of nickel arsenides 
as already noted by Beutell (1916a). In such cases frequent regrinding is necessary 
to permit the reaction to proceed to completion. The physical character of the 
product obtained by the methods of synthesis just described varies. Solid ingots of 
polycrystalline aggregates, masses of distinct crystals, sintered masses, and in- 
coherent powders were obtained. Since repeated grinding and reheating was 
resorted to in most cases, the final product consisted of fine powders unsuited to 
microscopic examination. X-ray diffraction methods were used to identify the 
phases present and to determine the homogeneity of the sample. The chemical 
composition of the products established as homogeneous by x-ray methods was 
determined by comparing the final weight with that of the original metal sample. 
The method is subject to error since there is a slight loss in regrinding. No chemical 
analyses of the final products were made. Although desirable they were not con- 
sidered essential in establishing the conclusions as set forth and are significant only 
if the product is homogeneous. 


RESULTS OF EXPERIMENTS IN SYNTHESIS 


General statement.—A summary of the results of the experiments in synthesis 
and the relation of the phases obtained is shown in Figure 3. The heavier broken- 
line boundaries indicate the limits of isomorphous substitution of cobalt, nickel, and 
iron in both the isometric and “orthorhombic” arsenide series, based on the experi- 


‘ ments in synthesis and the data on natural material. These boundaries are approxi- 


mate. One source of uncertainty regarding their position is the limited number of 
compositions synthesized and the lack of homogeneity of the product in certain cases. 
More precise limits might be drawn by conducting an extensive program of synthesis 
employing many samples of various compositions. 

The symbols at the three corners of the triangle represent the product obtained 
using the single metals, cobalt, nickel, and iron. Samples represented by points 
within or on the periphery of the triangle contain either two, or all three, metals; 
their positions indicate the relative amounts present. The compositions indicated 
are those of the original sample which is also that of the final product in those cases 
in which a homogeneous single phase was secured. 

Symbols have been used to indicate the crystallization of the products of synthesis 
as determined by x-ray methods. A solid symbol indicates a product consisting 
essentially of a single homogeneous compound. Inhomogeneous products are 
represented by combinations of symbols in which the one representing the dominant 
or important constituent is shaded, and the minor or less important constituent is 
represented by an outline symbol. The positions of the symbols are determined by 
the composition of the original sample. Essentially homogeneous isometric arsenides 
of the skutterudite type resulted from the synthesis of melts with the original com- 
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position: 1—Co 0, 2—CoF ero, 3—ConF es, 4—Coz,N igs, 5—ConNinF C5, 6— 
Co,Ni:Fe:, 7—NisoFes. An essentially homogeneous orthorhombic arsenide of the 
loellingite type was obtained in the case of 8—Fei, and essentially homogeneous 
orthorhombic arsenides of both rammelsbergite and pararammelsbergite types in the 
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Ficure 3.—Relation bet crystallisation and cobalt-nickel-iron ratio in the synthetic higher arsenides. 


case of 9—Niio. The remaining melts 10—CosoF eso, 11—CossFex 12—FezNiyCoy, 
13—CoyNiosF eg, 14—NiesFe7s, 15—NizFea;, 16—Ni7CoxF 3, 17—CosoNigo, and 
18—Ni7,Cog; resulted in the production of mixtures of isometric and orthorhombic 
compounds (rammelsbergite or loellingite) as indicated. 


Synthesis of the higher arsenides of cobalt (skutterudite, smaltite, and safflorite).— 
Experiments in synthesis were undertaken primarily to determine whether the 
isomorphism between the elements cobalt, nickel, and iron in the isometric series is 
unlimited. The only monometallic triarsenide of this group reported in nature is the 
cobalt mineral skutterudite The synthesis of this compound was the first attempted. 
Since two other cobalt arsenides, smaltite and safflorite, isometric and “ortho- 
rhombic” diarsenides respectively, have been described as existing in nature, the 
synthesis of these was also attempted. Cobalt arsenides were prepared by all three 
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methods described above, using various temperatures from 500°C. to 1050°C. 
Fluxes were used in some cases in the hope that certain phases might develop which 
otherwise would not form. 

An isometric triarsenide of cobalt essentially identical with the mineral skutter- 
udite, from Skutterud, Norway, was obtained whenever arsenic was present in suffi- 
cient amount. Neither technique nor temperature seems to influence the formation 
of CoAss. It was produced by all three methods both with and without fluxes and 
throughout the temperature range employed. Since a possible explanation for the 
variations in the lattice constants of the isometric triarsenides is metal for arsenic 
substitution, attempts were made to prepare skutterudite, both with excess arsenic 
and with arsenic deficiency. No phase with an arsenic content greater than CoAs, 
was obtained. Samples deficient in arsenic prepared by the tube-in-tube method 
failed to provide a product exhibiting a measurable variation in lattice constant from 
that of material corresponding to the composition CoAs;. 

Attempts to synthesize cobalt diarsenides either isometric (smaltite) or “‘ortho- 
thombic” (safflorite) resulted in the production of an inhomogeneous product 
providing x-ray patterns in agreement with that of the triarsenide (skutterudite) but 
with additional lines due to a lower arsenide. None of the patterns of such products 
contain lines agreeing with those in patterns of natural safflorite. This confirms the 
available analytical data on natural material which shows that no pure cobalt 
“orthorhombic” arsenide has been reported and that most analyses with a high 
cobalt content approach the R :As; ratio. 

X-ray patterns of mineral specimens labelled smaltite yield the skutterudite 
pattern. A slight shift in line positions indicating a larger lattice constant is given 
by those in which nickel or iron replaces cobalt. Since no pure cobalt phase was 
produced with a lattice constant different from that of CoAss, no evidence for the 
existence of isometric CoAs, (smaltite) was found. In spite of repeated attempts, 
varying the conditions of temperature and using different fluxes, no higher cobalt 
arsenide other than skutterudite CoAs; was obtained. Hence the existence of the 
higher arsenides of cobalt, CozAss, CoAs,, and Co2As;, claimed by Ducelliez (1908), 
Beutell (1916a) and Beutell and Lorenz (1916) is not confirmed. These alleged 
phases were probably inhomogeneous mixtures of CoAs, and lower arsenides resulting 
from incomplete reaction. Such mixtures were frequently encountered in the 
present study. 


Synthesis of the higher arsenides of nickel (rammelsbergite, pararammelsbergite, 
chloanthite, and nickel skutterudite).—Although the nickel end member of the iso- 
metric triarsenide series is unknown in nature, an isometric nickel-rich triarsenide 
known as nickel skutterudite has been reported. Two orthorhombic nickel 
diarsenides, rammelsbergite and pararammelsbergite, are also recognized. An 
isometric diarsenide, chloanthite, has long been regarded as the principal natural 
higher arsenide of nickel. 

Synthetic nickel arsenides were prepared using the same methods and conditions 
employed in the synthesis of cobalt arsenides, except that the temperature range was 
extended downward to 350°C. Higher arsenides of nickel are more difficult to pre- 
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pare than those of cobalt. The production of the higher arsenides of nickel is pre- 
ceded by the conversion of the powdered metal into a lower arsenide. A homo- 
geneous monoarsenide with the hexagonal structure of niccolite can be produced 
readily, the reaction proceeding to completion without regrinding. However, the 
diarsenide of nickel is exceptionally impervious to arsenic vapor. Consequently 
the reation proceeds to partial completion, then comes to a halt, and the coating of 
impervious diarsenide effectually shields the monoarsenide core. Grinding and 
reheating facilitate the reaction, but this must usually be repeated many times 
before an essentially homogeneous higher arsenide phase is produced. This is 
especially true in the preparation of pararammelsbergite which formed only at tem- 
peratures below 400°C. The vapor pressure of arsenic is very Jow at this tempera- 
ture, and the reaction is extremely slow. Nature apparently has the same difficulty 
since it is commonly observed that niccolite masses have a narrow selvage or crust 
of rammelsbergite or pararammelsbergite. This difference between the perme- 
ability of the higher arsenides of cobalt as contrasted with those of nickel may 
explain the nonexistence in nature of a cobalt equivalent of niccolite. 

Three natural polymorphous forms of nickel diarsenide have been recognized, 
chloanthite (isometric) and rammelsbergite and pararammelsbergite (both ortho- 
rhombic). Material labelled chloanthite provides the same type of x-ray pattern 
as that of skutterudite CoAs;, with a slight shift in the lines indicating a larger 
lattice constant. No arsenide providing the skutterudite type of x-ray pattern was 
obtained when the proportions of the metals present approached those of the nickel 
end member. This investigation yields no evidence for the existence of a nickel end 
member of the isometric triarsenide (skutterudite) series or for any nickel arsenide 
higher than NiAs;. Although over 40 experiments were performed in attempting 
to produce an isometric nickel arsenide, they consistently resulted in the production 
of the orthorhombic phases. Temperatures from 350° to 1050°, various fluxes, and 
all the variations in technique described did not produce a single sample providing 
an x-ray pattern of the skutterudite type. The experiments in synthesis lend no 
support to the existence of an isometric arsenide of nickel corresponding either toa 
diarsenide (chloanthite) or a triarsenide (nickel skutterudite). The present study 
confirms the work of Vigouroux (1908) and Beutell (1916a) who failed to produce a 
nickel arsenide higher than NiAss. The phase NieAs; claimed by Vigouroux is be- 
lieved to have been a mechanical mixture of niccolite and rammelsbergite, a com- 
bination frequently encountered in the present study. 

Synthetic rammelsbergite providing an x-ray diffraction pattern in agreement 
with that of rammelsbergite from Schneeberg, Saxony, and other localities was 
produced at temperatures above 400°C. In sealed tubes synthetic rammelsbergite 
forms at all temperatures from 400°C. up to 1050°C. and was the only higher arsenide 
of nickel produced in this way. In an open system in an arsenic-hydrogen atmos- 
phere, rammelsbergite forms between 400°C. and 575°C. Above approximately 
575°C. the highest arsenide obtained is the monoarsenide, niccolite, followed by mau- 
cherite NisAs, at still higher temperatures. This confirms Vigouroux’s (1908) obser- 
vation that in an open system arsenic content decreases with increasing temperature. 
When sealed tubes are used, temperature appears to have no influence on arsenic 


content. 








wit 





—_—_ 
. 


PLO OE ES Sa ae SS ne SS. Se. 





SYNTHESIS OF HIGHER ARSENIDES 319 


Below 400°C. synthetic rammelsbergite passes into a different phase which provides 
an x-ray pattern corresponding to that of pararammelsbergite from Cobalt, Ontario. 
Itforms during attempts to produce rammelsbergite at temperatures as highas575°C., 
but it is believed that the pararammelsbergite forms at temperatures lower than this 
during cooling, since the amount produced seems to depend on the rate of cooling. 
Even rapid quenching fails to prevent the partial conversion of rammelsbergite into 
the lower-temperature form, when the material is produced in an open system in an 
arsenic-hydrogen atmosphere. However, the conversion does not take place when 
rammelsbergite is formed in sealed tubes. Pararammelsbergite either does not form 
directly by the attack of arsenic vapor on nickel powder, or the reaction at the low 
temperature employed (350°-375°C.) is so slow as to be negligible. It was obtained 
by first producing rammelsbergite. The powdered rammelsbergite was sealed in a 
tube-in-tube device with excess arsenic and heated at 350°-375°C. with occasional 
regrinding. After treating a sample in this way for 4 months, the last traces of 
rammelsbergite had not yet been removed. This intimate association of the two 
orthorhombic arsenides is also observed in the natural occurrence of the mineral. 
Specimens from Cobalt, Ontario; Franklin, New Jersey; and Riechelsdorf, Hesse 
are mechanical mixtures of rammelsbergite and pararammelsbergite. The pararam- 
melsbergite from Tilt Cove, Newfoundland, is the only occurrence of this mineral 
found to be free of rammelsbergite. 


Synthesis of the higher arsenides of iron (loellingite, arsenoferrite iron skutierudite).— 
The recognized higher mineral arsenides of iron are loellingite (orthorhombic FeAsz) 
and arsenoferrite, a doubtful isometric diarsenide. No isometric iron triarsenide end 
member occurs in nature, but considerable quantities of iron are reported in some 
skutterudites. Attempts were made to synthesize loellingite, arsenoferrite, and the 
theoretical iron end member of the isometric triarsenide series. The conditions and 
methods of formation were the same as those used in the synthesis of the cobalt 
arsenides, the temperature range being 535° to 1050°C. No arsenide higherthan 
FeAs, was obtained ; hence there is no evidence from the present investigation for the 
existence of an iron-end member of the isometric triarsenide series. 

Eight attempts under different conditions made to produce an isometric arsenide of 
iron resulted in the production of the orthorhombic diarsenide or a mixture of this 
and free arsenic. The x-ray pattern of the orthorhombic diarsenide obtained agrees 
with that of loellingite from the type locality at Lélling in Styria and that from 
Franklin, New Jersey. No evidence for the existence of an isometric diarsenide 
(arsenoferrite) was secured, confirming Buerger’s (1936) belief based “on certain 
structural considerations” that an isometric diarsenide of iron is nonexistent. Evi- 
dence from synthesis points to the existence of a single higher arsenide of iron, the 
orthorhombic phase of FeAs> (loellingite). 


Syntheses of intermediate members of the isometric (skutterudite) group.—The iso- 
metric cobaltian end member, skutterudite, was successfully synthesized, but re- 
peated efforts failed to produce an isometric nickel or iron end member. The 
synthesis of both bi-metal and tri-metal arsenides containing various amounts of 
cobalt, nickel, and iron was then attempted, in order to establish the limits of iso- 
morphous substitution among the three metals in the isometric arsenide series. 
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The intermediate arsenides were produced in sealed tubes (tube-in-tube technique) 
with arsenic in excess of that required for RAs;. Some were prepared from mixtures 
of the powdered metals, but the majority were made from previously prepared alloys 
containing the desired proportions of the metals. Improved results were obtained 
in this way. Various temperatures between 550° and 1050°C. were employed, but 
experience showed that equally good results were obtained in the lower temperature 
range so that most of the work was carried out at temperatures between 550° and 
600°C. Although some homogeneous single-phase arsenides were obtained, many of 
the products were inhomogeneous, consisting of an isometric arsenide of the skutteru- 
dite type and an orthorhombic arsenide of rammelsbergite type in the case of samples 
high in nickel, or of loellingite type in the case of samples high in iron. 

The lattice constants of isometric arsenides obtained from samples containing 
nickel, iron, or nickel and iron in addition to cobalt and those containing nickel and 
iron without cobalt were measurably different from those of pure CoAs;. This differ- 
ence in lattice constant, compared with CoAs; increased with increasing amounts of 

‘nickel, iron, or nickel and iron. 

In many cases it was not possible to determine the metal-arsenic ratio of the result- 
ing isometric arsenide since the product was not homogeneous, but the composition 
of homogeneous samples approached RAss, and, in the case of the inhomogeneous 
products, the bulk metal-arsenic ratio was in all cases well above RAss. The forma- 
tion of an inhomogeneous product introduces uncertainty regarding the exact com- 
position of the isometric phase present. The synthesis of the arsenide containing 
equal amounts of cobalt and nickel (CosoNiso) is a case in point. Some of the nickel, 
and probably a little cobalt, separated out as rammelsbergite. Consequently there 
is doubt as to the exact proportions of cobalt and nickel in the remaining phase which 
crystallized as the isometric triarsenide. Some estimate of the magnitude of this 
effect can be obtained from a consideration of thé relative intensities of the lines in 
the x-ray pattern, but this can be, at best, only an approximation. Some of the 
data, for this reason, are not precise and further experiments in synthesis will be 
necessary to fix the limits of isomorphous substitution. However, sufficient- data 
have been assembled to outline the relations and to confirm the view that the iso- 
morphism is limited. The data also indicate that the dominant factor influencing 
variations in the lattice constants of the isometric arsenides is the ratio between the 
three metals. The evidence from these experiments indicates that isometric arsenides 
containing only nickel and cobalt may exist, carrying at least 50% nickel, but an 
isometric arsenide with a nickel content as high as 75% seems unlikely. 

Intermediate cobalt-iron arsenides of four compositions were investigated, two of 
which, (CogoFe1o) and (Co7Fe2s), provided essentially homogeneous isometric phases. 
Those higher in iron, (CosoF eso) and (CoxFez;), provided a mixture of orthorhombic 
FeAs:, an isometric arsenide (skutterudite), and a third unidentified phase. Traces 

of this phase were observed in other high iron samples, but the lines are few and weak, 
and its identity is uncertain. This phase neither belongs to the isometric series, nor 
do the lines agree with those of safflorite. The evidence from synthesis establishes 
the existence of isometric cobalt-iron arsenides with an iron content as high as 
approximately (Co7Fe.s). The lattice constants of the isometric phase produced 
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from melts of (CosoF eso) and (Co.;Fex) were only slightly different from (Co7Feys), 
suggesting that the limit for iron in the isometric series is close to (Co7F es). 

Cobalt-nickel arsenides of three intermediate compositions were investigated. 
Only (CorNizs) provided an essentially homogeneous product. The two with a 
higher nickel content provided inhomogeneous mixtures containing both the iso- 
metric arsenide and an orthorhombic arsenide of the rammelsbergite type. The 
existence of an isometric arsenide (Co7Nis,) appears established. Likewise an iso- 
metric arsenide (CosoNiso) or one close to that composition exists since the amount 
of nickel separating out as rammelsbergite in this sample was small. In samples of 
composition (CozsNizs) rammelsbergite was the major constituent. 

Nickel-iron arsenides of three compositions were investigated. (NisoF eso) provided 
a homogeneous isometric arsenide, while the other two did not. The synthesis of 
the (Ni-Fe) series reveals a strange situation in which two metals, nickel and iron, 
neither of which seems to form isometric arsenides when present alone, readily form 
isometric triarsenides of the skutterudite type when both are available in approxi- 
mately equal proportions. The existence of isometric arsenides containing only 
nickel and iron ranging in composition from about (NisoFez) to approximately 
(NizoFes0) appears likely. No natural cobalt-free nickel-iron arsenides have been 
reported but the experiments in synthesis indicate that they could exist. 

Arsenides of five compositions, containing all three metals, were synthesized. Two 
of these, (Co7oNiusFess) and (Co; Ni; Fe:), provided essentially homogeneous single 
phases. The high-nickel and high-iron samples gave inhomogeneous products 
consisting of an isometric and a nonisometric component. Since the isometric 
phase was dominant in sample (FezoNisCow) isometric arsenides close to this 
composition are probably possible. The principal component of the sample 
(NiwCouFex), is the orthorhombic nickel diarsenide rammelsbergite, suggesting 
that the nickel limit for orthorhombic arsenides may be below 70. (CosoNiosF es) 


provided an orthorhombic arsenide of the loellingite type with extra lines due in part 


to a constituent whose identity was not ascertained and in part to an isometric 
arsenide of the skutterudite type. 


X-RAY DIFFRACTION STUDIES 
PREVIOUS X-RAY DIFFRACTION STUDIES 


Isometric arsenides.—Since the pioneer work of Ramsdell (1925), considerable 
x-ray data on isometric arsenides of cobalt, nickel, and iron have been published. 
Ramsdell (1925) showed that Debye patterns of smaltite and chloanthite are essenti- 
ally alike and incompatible with the structure of the pyrite group to which they had 
long been assigned. He was unable to establish the crystal structure as he assumed 
@ composition RAs» and found that no space group compatible with such a composi- 
tion could be reconciled with the spacing and intensities of the lines. He computed 
an approximately correct lattice constant (8.28 A) but rejected it, as a cell of this size 
gave an irrational cell content, assuming a composition RAs». A pattern of skutter- 
udite proved to be identical with those of smaltite and chloanthite, so he concluded 
that the specimen was a mislabelled smaltite. Samdahl (1926), at the instigation of 
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Goldschmidt, analyzed a specimen of skutterudite from Skutterud. The only 
reference to x-ray work is the mention of the preparation of an x-ray pattern which 
“confirmed the chemical analysis completely and proved the impossibility of nicke]” 
Oftedal published a preliminary paper in English (1926) followed by an exhaustiye 
detailed study in German (1928) in which the crystal structure of skutterudite was 
established for the first time. He noted that skutterudite (CoAs;) gave a good 
Laue pattern, whereas it was impossible to obtain satisfactory Laue patterns of the 
so-called diarsenides, smaltite, and chloanthite. He concluded that the skutterudite 
crystals were unit crystals, whereas the apparent single crystals of smaltite and chlo. 
anthite were multicrystalline aggregates. Oftedal looked upon smaltite and chlo. 
anthite as varieties of skutterudite (RAs;), whereas Ramsdell had considered skutter. 
udite a variant of smaltite-chloanthite (RAs2). The behavior of the three minerals 
in the Laue camera and the essential identity of their Debye patterns led Oftedal 
to the conclusion that the lattice-forming substance in all three was RAs, [“die 
krystallisierte (gitterbildende) Substanz RAs; sein muss” Oftedal (1928) p. 543}, 
He found that space group Tj, not only accounted for all details of spacing, intensity, 
and extinctions but was also compatible with a composition RAs;. Like Ramsdel] 
he was unable to find any space group which would reconcile the x-ray data witha 
composition RAs». Skutterudite from Skutterud was found to be body-centered 
cubic with ay = 8.189 + .002 A, with 8 molecules (RAss) to the unit cube. Speisko- 
balt (smaltite) from Riechelsdorf proved to have the same structure with ay = 
8.124 + .005 A. In the detailed paper no lattice constant was given for the chlo- 
anthite from Schneeberg. This remains the only thorough structural study of the 
isometric arsenides. Goldschmidt (1926) in a paper on co-ordination numbers gives 
three lattice constants based on unpublished work of Oftedal. Holmes (1935) 
confirmed Oftedal’s observation on the identity of Debye patterns of smaltite and 
chloanthite. Although the statement does not appear in the abstract, the identity 
of patterns of skutterudite with those of smaltite and chloanthite, except for slight 
differences in spacing, was pointed out in the oral presentation of this paper. Krieger 
(1935, p. 720) quotes Holmes to the effect that the nickel skutterudite from Bullards 
Peak, New Mexico (probably a portion of the type specimen of Waller and Moses) 
gave a Debye pattern of the skutterudite type. Buerger (1936) found that the 
material from Jachymov (St. Joachimsthal), Czeckoslovakia, described by Foshag 
and Short (1930) as arsenoferrite, isometric FeAs:, gave a Debye pattern of the loel- 
lingite type. On the basis of this and “‘certain crystal structure considerations” he 
concluded that the existence of an isometric FeAs; was doubtful and that the name 
arsenoferrite should be discontinued. Peacock and Berry (1940) prepared powder 
patterns, presumably Debye, of eight samples of skutterudite, smaltite, and chlo 
anthite from various localities. The patterns proved to be identical except for slight 
differences in spacing. A lattice constant ay = 8.18 + .01 Awas obtained for skutter- 
udite from Cobalt, Ontario. Harcourt (1942, p. 77 and 98) prepared tables of “d” 
values from Debye patterns of skutterudite from Skutterud and smaltite-chloanthite 
from Schneeberg. In a preliminary paper dealing with the present investigation 
Holmes (1942) reported the results of correlated x-ray work on natural and synthetic 


isometric arsenides based on Debye and Phragmen powder patterns. Holmes (1945), | 
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on the basis of Debye patterns, established the presence of skutterudite in the nickel- 
cobalt arsenide association at Franklin, N. J. 

X-ray data have been published on isometric material from at least 10 localities. 
All the specimens investigated gave patterns of the skutterudite type pointing to the 
structural identity of the isometric arsenides. Three lattice constants in essential 

ent are available for skutterudite from Skutterud and one for skutterudite 
from Cobalt (Table 3). The three lattice constants for smaltite from Riechelsdorf 
and the two for chloanthite from Schneeberg show considerable variation but are all 
larger than those of skutterudite from Skutterud. The arsenoferrite of Buerger 
(1936) is the only analyzed specimen used in any recorded x-ray study of the isometric 
group, and this proved to be a nonisometric arsenide. Hence no published x-ray 
data exist on analyzed specimens of isometric arsenides. A summary of the available 
y-ray data on the isometric arsenides from all the localties covered in the literature 
has been assembled in Table 3. 


“Orthorhombic’”’ arsenides.—Detailed structural studies based on single-crystal 
y-ray data have been carried out for natural loellingite, rammelsbergite, pararammels- 
bergite, and safflorite. Apparently no x-ray work has been done on nickelian or 
cobaltian loellingite. The only reference to x-ray data on synthetic “orthorhombic” 
arsenides is that of Holmes (1942). 

LOELLINGITE: The earliest x-ray data on loellingite is the Debye work of deJong 
(1926). He gave “d’” values for material from Saxony (locality?), indexed the lines 
by analogy with patterns of marcasite, computed lattice constants, and assigned the 
mineral to space group V,. He claimed that patterns of loellingite, rammelsbergite, 
and safflorite were indistinguishable and gave a single set of lattice constants for all 
three minerals. Buerger (1932) using single-crystal rotation and oscillation methods 
determined the structure of the loellingite from Franklin, New Jersey (Bauer and 


‘Berman, 1927). Three papers by Buerger and one by Huggins followed this. None 


of these contains new x-ray data, but they are devoted to interpretations of structure 
based on the data contained in Buerger’s original paper. Buerger (1934) showed that 
the most probable explanation for the arsenic deficiency of the Franklin loellingite is 
isomorphous substitution of iron for arsenic. Buerger (1937) proposed a new orienta- 
tiori for loellingite in order to make more evident the relation between the lattice of 
this mineral and that of arsenopyrite. This requires the following interchange of 
axes:a—c, ba, andc—b. Ina discussion of the relation of the structure of loelling- 
ite to that of marcasite and arsenopyrite, Buerger (1939) pointed out that the arseno- 
pyrite lattice bears a superstructure relation to the simpler ones of the first two 
minerals. Huggins (1937) questioned certain of Buerger’s statements regarding 
details of the structure of loellingite. In an earlier reference Huggins (1922) had 
computed theoretical lattice constants for this mineral, but there is no evidence in 
the paper that these calculations were based on actual x-ray data. Holmes (1935) 
pointed out that Debye powder patterns of loellingite, rammelsbergite, and safflorite 
show sufficient variation to permit recognition of these minerals by x-ray methods. 
The “arsenoferrite” from Jachymov (St. Joachimsthal), Bohemia, described by 
Foshag and Short (1930) as isometric was found by Buerger (1936) to give a Debye 
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TABLE 3.—Existing x-ray data on the isometric higher arsenides 





Mineral name 


Locality 


Investigator 





Skutterudite 


Nickel-Skut- 
terudite 


Smaltite 


Chloanthite 


Smaltite- 
chloanthite 


Arsenoferrite 





Skutterud, Norway 

Modum (Skut- 
terud), Norway 

Skutterud, Norway 


Skutterud, Norway 
Skutterud, Norway 


Skutterud, Norway 


Cobalt, Ontario 
Franklin, N. J. 


Bullards Peak, 
New Mexico 


Riechelsdorf, Hesse 
Riechelsdorf, Hesse 


Riechelsdorf, Hesse 
Riechelsdorf, Hesse 
Hesse 

Schneeberg, Saxony 
Gowganda, Ontario 
Huelva, Spain 
Irrtem, Morocco 


Schneeberg, Saxony 
Schneeberg, Saxony 


Schneeberg, Saxony 
Schneeberg, Saxony 


Schneeberg, Saxony 





Jachymov (St. 
Joachimsthal) 
Czechoslovakia 


Oftedal 

Oftedal by 
Goldschmidt 

Samdahl 


Oftedal 
Harcourt 


Holmes 


Peacock & Berry 
Holmes 


Holmes by 
Krieger 


Oftedal 
Oftedal by 
Goldschmidt 

Oftedal 

Peacock & Berry 
Peacock & Barry 
Peacock & Berry 
Peacock & Berry 
Peacock & Berry 
Peacock & Berry 


Oftedal 

Oftedal by 
Goldschmidt 

Oftedal 

Peacock & Berry 


Harcourt 


Buerger 





Date 





1926 
1926 


1926 
1928 
1942 


1942 


——..., 








Type of pattern lattes on 
Skuterudite 8.17A 
Skutterudite 8.18 +0154 

(?) = A 
: 8.18 +01 

Skutterudite pies +0024 
Smaltite- “d”” values only 

chloanthite 
Skutterudite | —_ 

identical with | 

synthetic 

CoAss 


1940 | Skutterudite 


1945 | Skutterudite 


1935 


1926 
1926 


1928 
1940 
1940 
1940 
1940 
1940 
1940 


1926 
1926 


1928 
1940 


1942 





Skutterudite 


Skutterudite 
Skutterudite 


Skutterudite 
Skutterudite 
Skutterudite 
Skutterudite 
Skutterudite 
Skutterudite 
Skutterudite 


Skutterudite 
Skutterudite 


Skutterudite 
Skutterudite 


“Tdentical to 
pattern of 
smaltite- 
chloanthite”’ 


1936 | Loellingite 


8.18 +014 


8.25A 
8.270 +.015A 


8.240 +.005A 


8.25A 
8.250 +015. A 





| dq’? values only 
| 
| 
| 


| 





pattern agreeing with that of loellingite. Peacock (1941) published “d”’ values, 
intensities, and lattice constants for loellingite from Franklin, using material which 
he regarded as identical with that used by Buerger (1932). 


A set of “‘d” values and 
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intensities for loellingite from Silver Center, Ontario, based on Debye patterns, are 
ide included by Harcourt (1942) in his compilation of x-ray data on ore minerals. Ina 

discussion of the results of synthesis of the higher arsenides Holmes (1942) pointed 
—— f out that the Debye and focusing camera patterns of synthetic FeAs; and natural 
i loellingite are in agreement. 

RAMMELSBERGITE: De Jong (1926) using material from Schlaggenwald, Bohemia, 
(not Styria) as stated in Peacock and Michener (1939), claimed that the rammels- 
7 bergite pattern was not measurably different from that of loellingite. Patterns of 
A rammelsbergite are entirely different from those of loellingite, as pointed out by 
7 Holmes (1935; 1942) and shown by the powder data in Peacock (1940; 1941) and 
Harcourt (1942). Peacock carried out a detailed structural study of the orthorhombic 
nickel arsenides using both single-crystal and Debye methods. A preliminary 
abstract (Peacock, 1940) preceded the appearance of the detailed discussion of this 
work (Peacock and Dadson, 1940). Rammelsbergite from Schneeberg, Saxony, and 
two specimens from Eisleben, Prussia (not Thuringia), were investigated. Lattice 
constants were determined for one of the specimens from Eisleben, and the material 
was assigned to space group Vi. This, however, was not the material analyzed nor 
the one on which the density determinations were made. The essential x-ray data 
in this paper also were given by Peacock and Berry (1940), and a reproduction of the 
powder diagram of the Eisleben specimen is given by Peacock (1941). Harcourt 
sA (1942) gave “d” values and intensities for a Debye pattern of the Eisleben material. 
Acomparison of Debye and Phragmen patterns of certain synthetic nickel diarsenides 
5A and those of natural rammelsbergite is discussed by Holmes (1942). Holmes (1935; 

1945) on the basis of Debye patterns established rammelsbergite as the principal 

component of the white arsenide association at Franklin, N. J. (the cloanthite of 

Koenig, 1899). 

PARARAMMELSBERGITE: Pararammelsbergite was first examined by x-ray methods 
' by Peacock and Michener (1939). On the basis of powder, rotation, and Weissenberg 
patterns the identical character of the material from two Canadian localities was 
A established, and the mineral was provisionally called rammelsbergite. Lattice 
constants were determined for the Elk Lake material, and the mineral was assigned 
to one of two possible space groups. The Canadian material was established as an 
independent species (pararammelsbergite) by Peacock as the result of a comparison 
of the diffraction data with those derived from specimens of rammelsbergite from 
two German localities (Peacock, 1940; Peacock and Dadson, 1940). The essential 
x-ray data are reproduced by Peacock and Berry (1940), and the powder diagrams of 
the materials from Elk Lake and Cobalt are teproduced by Peacock (1941). Har- 
court (1942) on the basis of Debye patterns gave “d” values and intensities for 
“type material” from Elk Lake, Ontario. Holmes (1942) showed that synthetic 
NiAs; produced at low temperatures provides a diffraction pattern agreeing with 
a that of natural pararammelsbergite. Holmes (1945) identified pararammelsbergite 
in the nickel-cobalt association at Franklin, N. J., using Debye patterns. 
* SAFFLORITE: X-ray data on this mineral are meager. De Jong (1926) claimed that 
ich the Debye pattern of safflorite was identical with those of loellingite and rammels- 
and bergite. Holmes (1935) pointed out that Debye patterns of safflorite are meas- 


aly 














UM 














326 R. J. HOLMES—HIGHER MINERAL ARSENIDES 


urably different from those of leoellingite and rammelsbergite. This is confirmed by 
the published powder data on these minerals (Peacock, 1940; 1941; Harcourt, 1942), 
Harcourt (1942) published “d”’ values and intensities based on a Debye pattern fora 
safflorite from Quartzberg, Oregon. Holmes (1942) pointed out that patterns of 
certain synthetic iron-cobalt arsenides are of the safflorite-loellingite type but was 
unable to synthesize an orthorhombic arsenide of pure cobalt. Peacock (1944), on 
the basis of Weissenberg photographs of safflorite from Nordmark, Sweden, found 
the structure of the mineral to be monoclinic (with rectangular axes) rather than 
orthorhombic. This justifies the retention of the name safflorite, since on the basis of 
structure it is distinct from loellingite. Monoclinic symmetry results from the 
nonequivalence of the iron and cobalt atoms. He points out the close similarity of 
powder photographs of safflorite and loellingite. 

Original cell-edge data or “d” values for “orthorhombic” arsenides are given by 
De Jong (1926) , Buerger (1932), Peacock and Michener (1939), Peacock (1940; 
1941; 1944), Peacock and Dadson (1940), and Harcourt (1942). The remaining 
papers are devoted to conclusions and interpretations based on x-ray studies. The 
only detailed structural studies are those of Buerger (1932) on loellingite, Peacock and 
Michener (1939) on pararammelsbergite, under the name rammelsbergite, and Peacock 
and Dadson (1940) on rammelsbergite. The available x-ray data establish the ex. 
istence in nature of two distinct orthorhombic forms of nickel diarsenide and show 
that although loellingite and rammelsbergite belong to the same space group they 
have widely different lattice constants. The results of later investigators do not 
support the conclusions regarding the structure and relations of the “orthorhombic” 
arsenides offered by De Jong (1926). The available x-ray data on the “‘orthorhom- 
bic” arsenides are assembled in Table 4. 


X-RAY DIFFRACTION METHODS 


Extensive use was made of x-ray powder diffraction methods. Most of the work 
was. done using iron radiation and cameras of the asymmetrical focusing type de- 
veloped by Phragmen and based on a principle earlier employed by Seeman (1919) 
and Bohlin (1920). A set of three cameras covers the entire diffraction range. 
Although modelled after those designed by Phragmen, certain modifications were 
introduced, including an oscillating arm insuring uniform motion of the sample 
holder. The original Phragmen type cameras are briefly described by Westgren 
(1931). Conclusions concernng isomorphous substitution were based on patterns 
obtained in the outer Phragmen camera. Debye cameras with a radius of 57.3 mm. 
were used for routine identification. Debye pictures have the advantage in that the 
entire picture is obtained on a single film. However, the resolution or separation of 
any pair of lines on a focusing camera film is twice as great as with a Debye camera of 
the same radius because of the fundamental difference in the geometry of the camera 
which results from the position of the sample (at the center in a Debye camera but on 
the circumference of a focusing camera). In problems involving isomorphism, the 
solution hinges on the measurement or recognition of slight variations in the positions 
of corresponding lines in the patterns of specimens with slightly different composition. 
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TABLE 4.—Existing x-ray data on the “orthorhombic’’ higher arsenides 















































LOELLINGITE 
Locality Investigator Date Lattice constants and Space group 
Saxony deJong 1926 | *ao = 6.35, bo = 4.86, co = 5.80 Vi 
Franklin, N. J. Buerger 1932 | *ap = 2.85, bo = 5.25, co = 5.92 ve 
Franklin, N. J. Peacock 1941 | *ao = 2.87, bo = 5.28, co = 5.97 Pmnn = (Vi 
Silver Center, Ont. | Harcourt 1942 | “d’’ values and intensities only. 
RAMMELSBERGITE 
Locality Investigator Date Lattice constants and Space group 
Schlaggenwald deJong 1926 | *ap = 6.35, bo = 4.86, co = 5.80 v; 
(Bohemia) 
Eisleben, Prussia Peacock 1940 | *ao = 3.53 +.01, bo = 4.78 + .01, Di= (Vv)? 
co = 5.78 +.01 
Schneeberg, Saxony | Peacock 1940 | Pattern identical with that of Eisleben material 
Eisleben, Prussia Harcourt 1942 | “d” values and intensities only. 
PARARAMMELSBERGITE 
Locality Investigator | Date Lattice constants and Space group 
Moose Horn Mine, | Peacock and} 1939 | *ao = 5.74+.01, bo = 5.81 +.01, apparent space group 
Elk Lake, Ont. Michener Co = 11.405 +.03 Be Cs 
Hudson Bay Mine, | Peacock and} 1939 | Pattern identical with that of Elk Lake material 
Cobalt, Ont. Michener 
Keeley Mine, South | Peacock and} 1940 | Pattern identical with that of Elk Lake material. 
Lorrain, Ont. Dadson 
Moose Horn Mine, | Harcourt 1942 | ‘“d’” values and intensities only. 
Elk Lake, Ont. 
SAFFLORITE 
Locality Investigator Date Lattice constants and Space group 
Saxony deJong 1926 | *a = 6.35, b = 4.86,c = 5.80 vi 
Quartzberg, Grant | Harcourt 1942 | “d” values and intensities only. 
Co., Ore. 
Nordmark, Sweden | Peacock 1944 | *a = 2.93, b = 5.25, c = 5.97 Ci, = P2/m 
* Orientation is that given in the original paper. 


It is an advantage to use a camera in which the resolution or separation of lines is as 
Asymmetrical focusing cameras have an additional advantage 
over Debye cameras of the same radius in providing sharp strong lines in the outer 
(high-angle) range which is the most sensitive to variations in cell-edge dimensions. 
X-ray data were obtained in this study for three purposes: identification of the 
minerals in natural material and the phases in the products of synthesis, determina- 
tion of the lattice constants of natural and synthetic isometric arsenides, and 
correlation of synthetic and natural material. 


great as possible. 
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X-RAY AND MICROSCOPIC DATA ON NATURAL AND SYNTHETIC HIGHER ARSENIDES 


More than 200 specimens from a large number of the known localities for these 
minerals have been examined by microscopic,‘ contact-print, microchemical, and 
x-ray methods. Extensive inhomogeneity was frequently encountered, especially 
among the isometric arsenides; the majority of skutterudite crystals contain inely. 
sions of nonisometric arsenides. This widespread inhomogeneity could account for 
much of the variation in arsenic ratio as well as the extreme variations in cobalt- 
nickel-iron ratio indicated by certain analyses. The correlated x-ray, optical, con- 
tact-print, and microchemical data on these specimens confirm the published analyses 
in establishing as isometric the high cobalt members and those containing considerable 
quantities of nickel or nickel and iron in addition to cobalt. The high-nickel, high. 
iron and iron-cobalt-low-nickel specimens proved to be “orthorhombic.” The eyi- 
dence points to limited isomorphous substitution among the three metals in both the 
isometric and “orthorhombic” series. In the isometric series a correlation between 
lattice constant and the ratio of the three metals is indicated. 

The x-ray patterns confirm the results of earlier workers who found that all 
isometric arsenides of cobalt, nickel, and iron have the skutterudite structure. Powder 
patterns of three specimens of skutterudite from the type locality at Skutterud, Nor- 
way (two of crystals and one of massive material), were found to be of the same type 
and provided essentially identical lattice constants (8.187A). Ten lattice constants 
for isometric arsenides exist in the literature. These range from 8.17 to 8.270A, 
The value 8.17 of Oftedal was apparently regarded by him as a preliminary figure 
since he speaks of revised lattice constants in the detailed paper (Oftedal, 1928) and 
gives a value of 8.189 + .002 A for the skutterudite from Skutterud. The present 
study reveals no value as low as 8.17 A and extends the range upward to 8.311 A. 
The lowest value obtained is that for synthetic CoAs; and for skutterudite from 
Skutterud, Norway, both of which are 8.187 A. A nickel-rich variety from Schnee- 
berg, Saxony, provided the largest lattice constant, 8.311 A. This confirms the data 
from other sources which indicate an inverse relation between lattice constant and 
cobalt content in the isometric arsenides. 

Higher arsenides of the individual metals—cobalt, nickel, and iron—and inter- 
mediate ones containing various amounts of two or all three metals have been 
synthesized, and the products identified by x-ray diffraction methods. The data 
obtained confirm the limited character of the isomorphism of cobalt, nickel, and iron 
in both the isometric and “orthorhombic” groups and aid in outlining the limits of 
isomorphous substitution between the three metals in both series. Attempts to 
synthesize pure nickel or pure iron isometric arsenides in all cases resulted in the forma- 
tion of “orthorhombic” phases. Likewise attempts to produce a pure cobalt “orth- 
orhombic”’ arsenide resulted in the formation of an isometric product. 

The following minerals have been synthesized, and the identity of the natural 
material and the artificial product has been established by means of powder x-ray 
methods: skutterudite (pure CoAs, and phases containing various amounts of cobalt, 
nickel, and iron), rammelsbergite (NiAs»), pararammelsbergite (NiAs:), and loellingite 
(FeAs,). Although previous claims have been made to the synthesis of cobalt 
triarsenide, nickel diarsenide, and iron diarsenide, the homogeneity and structural 
identity of the product had not been determined in the earlier experiments. X-ray 
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Ficure 1. X-ray DirFRAcTION PATTERNS OF THE PRINCIPAL MINERALS OF THE HicHER ARSENIDE GROUP 
They are compared with those of synthetic equivalents. All patterns were obtained in the outer phragmen 


. gsymmetrical focusing camera using unfiltered iron radiation. 
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Ficure 2. Comparison or X-ray Drrrracrion PAtrerns or SyntuetTic Isomerric ARSENIDES 
(SKUTTERUDITES) 
Influence of variations in cobalt-nickel-iron ratio on lattice constants is indicated by a shift in the 
positions of corresponding lines. All patterns taken in the outer phragmen camera with unfiltered iron 
radiation. The compositions indicated are those of the original melt. 
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tterns of synthetic monometallic arsenides are compared with those of the natural 
minerals skutterudite, rammelsbergite, pararammelsbergite, and loellingite in Plate 2. 

All synthetic isometric arsenides of these metals are essentially triarsenides with the 
skutterudite structure and are restricted in composition to those high in cobalt, those 
containing approximately equal quantities of nickel and iron, and those containing 
appreciable quantities of all three metals. No evidence for the existence of cobalt 
diarsenides, either isometric (smaltite) or “orthorhombic” (safflorite), was obtained. 
The existence of very high nickel orvery high iron isometric arsenides is unlikely. No 
evidence for the existence of an isometric iron diarsenide (arsenoferrite) or iron tri- 
arsenide (iron skutterudite) was obtained; all pure iron arsenides give the orthorhom- 
bic loellingite diffraction pattern. No evidence for the existence of an isometric 
nickel diarsenide (chloanthite) or an isometric nickel triarsenide (nickel-skutterudite) 
was obtained; all pure nickel arsenides give diffraction patterns of either rammels- 
bergite or pararammelsbergite type. Nickel-free isometric arsenides with an iron 
ratio above 25 are also very doubtful. In all cases the isometric constituent of the 
synthetic product yielded the skutterudite type of pattern, with lattice constants 
varying inversely with cobalt content. The range of lattice constants of the syn- 
thetic and natural isometric arsenides are of the same order of magnitude and show 
the same trend. The range for natural material (a, = 8.187 Ato8.311 A) is greater 
than that of synthetics so far produced (a, = 8.187 A to8.263A). The upper synthetic 
limit (8.263 A) is that of the isometric constituent of the melt of composition 
CosNizFeis. This melt however was inhomogeneous, an unknown amount of 
nickel having separated out as the orthorhombic phase rammelsbergite, so that the 
composition of the isometric phase providing the above lattice constant possessed a 
nickel ratio below Nizo. The lower limit (8.187 A) is that of pure cobalt triarsenide. 


LATTICE CONSTANT AND COBALT-NICKEL-IRON RATIO IN THE ISOMETRIC ARSENIDES 


The lattice constants of the synthetic arsenides exhibit consistent variations which 
appear to be a function of the variation in the proportions of the three metals. In- 
creasing amounts of nickel, iron, or nickeland iron result in an increase in the length of 
the celledge. These variations in lattice constants confirm observations on the lat- 
tice constants of natural isometric arsenides in that the smallest is that of the pure 
cobalt triarsenide, whereas the largest is that of nickel-rich members. The same 
relation has been observed repeatedly in the zonal isometric crystals, in which mate- 
rial drilled from individual zones provided lattice constants correlating with cobalt- 
nickel-iron content as revealed by microchemical and contact-print methods. 

Variations in the lattice constants of isometric materials are shown in a striking 
manner in x-ray patterns. There isa direct relation between a shift in lines to the left 
(Pl. 2, fig. 2) and increasing lattice constant; the size of the unit cell is at a minimum 
forpureCoAs;. Figure 2 of Plate 2 shows that substitution of nickel, iron, or nickel 
and iron for cobalt in the isometric arsenides results in an increase in the lattice 
constant. The relation between lattice constant and cobalt-nickel-iron ratio for 
certain materials used in the present study is shown in Figure 4 and summarized in 
Table 5. It includes natural minerals for which analyses exist and synthetic iso- 
metric arsenides of known composition. 
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FiGuRE 4.—Relation between lattice constant and cobalt-nickel-iron ratio in the isometric arsenides. 


TABLE 5.—Relation of lattice constants to cobalt nickel iron ratio in synthetic isometric arsenides 











Composition of melt Lattice constants of isometric product 
CSE ey ee shee Sadhana aha a tad, ain a cs ora hitik he fais 8.188* 
NNN ce tania widig. chins thd-6.bd Kad simul WADARS Ei Hee ediek Daawelda 8.189* 
ES Nis aus acdc alent as Sica oR pine none ow aS Walah odes 8.193* 
CozFeisNiis Foca eK ew Oe Pas de eh et ee es hee ee Wh ele eae wee 8.194* 
INET CIC wrote d, Sicc.tce bec cclala inks Mel wears Kintn eke a na ch Gee 8.195 
a RES Seeder: 2 es eae eee a, ee ae ee ee 8.195 
SRE PE eee teaee anne Fe PN el oe eo ee ae eee 8.207* 
IR aoc Graig. deat a GLSGh Wier see deamsnisaN wa sinLere quale D Came ae 8.212 
NS i css x Sr ho. cia iu Mra een as aa ek ere Rk ceed e ke 8.218 
I gd the vate ohn ode acs ate nk eee Eee 8.232* 
EER aa ee pete eee, ee eth eer ee 8.238 
RR ook cin deco s ches wshield Duiea aie AE he Roa Sa tawe er oatecr | 8.248 
EE ARS eR iM CaaS nen 8.253* 
de a Se te 8.261 
NS sah ore cag pate eee eer a. Meth eke eae | 8.263 





*Essentially homogeneous isometric product. 


Synthetic arsenides are represented by circles whose positions are based on the 
composition of the original melt and therefore correctly represent the cobalt-nickel 
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jon ratio of the isometric phase produced only when the product is homogeneous 
fig. 3). 

Natural arsenides are represented by squares whose positions are determined by the 
Co-Ni-Fe ratio calculated from published analyses. Arrows are attached to the 
symbols representing synthetic materials whose compositions are questionable due to 
inhomogeneity of the product and to those of natural minerals shown to be inhomo- 
geneous by optical or x-ray exmamination. The arrows attached to the symbols of 
these inhomogeneous specimens indicate the direction and approximate amount that 
the symbols should be moved in order to represent correctly the cobalt-nickel-iron 
ratio of the isometric constituent. In the synthetic material this is based on an 
estimation of the amount of inhomogeneity indicated by the relative strength of the 
lines in the x-ray pattern due to the admixed nonisometric phase. In the natural 
material it is based on similar x-ray evidence confirmed by microscopic observations. 

The synthetic material (Fig. 4) is of two sorts. Melts of certain compositions 
supplied homogeneous isometric products which therefore have the composition of 
the original sample. An inhomogeneous product was obtained from some melts, 
consisting of a mechanical intergrowth of isometric and “orthorhombic” phases. In 
these, the composition of the isometric phase is known only approximately. Never- 
theless the data obtained from the isometric constituents in these inhomogeneous 
materials support the relation between cobalt-nickel-iron ratio and lattice constant 
established by the homogeneous synthetic samples and the natural material of 
known composition. 

Seven essentially homogeneous isometric arsenides (1—Cojoo, 2—CooF eo , 
3CowFeos , 4—CozNies , 5—CozoNiisFeis ,6—Co,NiiFe: , 7—NisoF eso) were plotted. 
In addition the isometric components of the inhomogeneous products of the melts 
(8—CosoNisc ; 9—-CoosNizs ; 10—CorsNizF es , 11—Niz5Feos ; 12—NiosFezs ’ 13— 
CoyNissFezo , 14—Co5Fezs , 15—CosgoFes0) were used. The positions of the symbols 


‘for the latter group are only approximate. The general direction in which the symbol 


should be moved to indicate the correct cobalt-nickel-iron ratio of the isometric 
phase isindicated byan arrow. The length of the arrow indicates whether the neces- 
sary shift is great or small. 

The minerals, with the exception of Nos. 16 and 17 (Fig. 4), are those for which 
portions of analyzed specimens were available for x-ray examination: No. 16 
Skutterud, Norway (position of symbol based on essential absence of nickel and iron 
in three specimens used, which conforms with the published analyses of material from 
this locality); No. 17 Cobalt, Ontario (brilliant cubes in chlorite from Temiskaming 
Mine, which are apparently identical with those analysed by Walker, analysis No. 
148). In agreement with Walker’s findings, qualitative tests indicate very little 
nickel and iron; No. 18 Horace Porter Mine, Gunnison Co., Colo., analysis No. 172; 
No. 19 Schneeberg, Saxony, analysis No. 36; No. 20 Schneeberg, Saxony, analysis 
No. 37; No. 21 Bullards Peak, New Mexico (material in Columbia University Collec- 
tion believed to be part of that analyzed by Waller and Moses), analysis No. 168; 
No. 22 Great Bear Lake, N.W.T., Canada, analysis No. 163. An arrow attached to 
to the symbol of a natural material indicates that the specimen was found to be 
inhomogeneous on the basis of optical and x-ray examination, and the nature of the 
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inhomogeneity is such that the symbol should be moved in the direction indicated to 
represent correctly the cobalt-nickel-iron ratio of the isometric constituent. 4 
single analyzed natural arsenide, No. 19, fails to conform to the general pattern out. 
lined by all other natural and synthetic samples used. This specimen is considered 
in more detail in a later section. 


LATTICE CONSTANT AND METAL-ARSENIC RATIO IN THE ISOMETRIC ARSENIDES 


Evidence that variations in arsenic content have a measurable effect on the lattice 
constants of the isometric arsenides was not obtained. Attempts to produce syn. 
thetic skutterudite with a deficient or excess arsenic content failed to provide a ma- 
terial with a lattice constant measurably different irom that of material with a metal- 
arsenic ratio between R: As».s5-3.00.._ _In all cases in which a homogeneous product 
was obtained, the arsenic ratio was above 2.6. There is similar evidence from natu- 
ral material. The two analyzed specimens (Nos. 19 and 20) with alleged arsenic 
ratios of 1:1.43 and 1:2.46, respectively, gave closely similar lattice constants, 
8.303 A and 8.294 A, whereas analyses No. 18 and 20, with closely similar metal- 
arsenic ratios, gave widely different lattice constants, 8.222 A and 8.294 A. 


‘RECORDED ANALYSES OF THE HIGHER ARSENIDES 


GENERAL STATEMENT 


Since much of the uncertainty concerning mineral relationships in this group may 
be traced to published analyses, a review of all available analyses has been under- 
taken. Metal-arsenic ratios computed from the analyses of arsenides, described as 
isometric, range from R: As; 12 to R:Asg.es. This has been ascribed by some to ex- 
tensive metal-arsenic substitution, by others to the existence of two distinct isometric 
series (diarsenides and triarsenides), each of which is alleged to exhibit considerable 
substitution between metal and arsenic. The present study confirms the existence 
of a single isometric series (triarsenides of the skutterudite type) and points to 
mechanical inhomogeneity as a principal cause of the reported variability in- metal- 
arsenic ratio. The study also indicates that isomorphous substitution between the 
three metals is limited in both the isometric and “orthorhombic” series. These 
views are supported by the published analyses when they are examined in the light 
of the accompanying descriptions of the materials used. 

Crystals of the isometric arsenides are usually zonal and mechanically inhomogene- 
ous. In addition to the isometric constituent, shells of other minerals, especially 
“orthorhombic” diarsenides concentric with the zonal structure, are frequently 
encountered. Irregularly distributed grains and veinlets of niccolite and “ortho 
rhombic” arsenides commonly occur. “Orthorhombic” arsenides also occur as 
radiating masses at the centers of zonal isometric crystals. Perfection of external 
crystal form is no guide to purity. Some of the best-developed crystals exhibit 
marked inhomogeneity. Some cubic crystals are mere shells of isometric material 
enclosing an aggregate of nonisometric constituents. 

Most published analyses were made on material which had not been examined 
by microscopic methods or at least without due regard for anisotropism, the principal 
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optical property distinguishing the isometric and “orthorhombic” members of such 
allegedly dimorphous pairs as chloanthite-rammelsbergite, smaltite-safflorite, and 
arsenoferrite-loellingite. Even close attention to this property may at times not 
distinguish between isometric and “orthorhombic” members since the latter, when 
fine-grained, exhibit weak anisotropism. Only 18 of the 198 analyses appear to have 
been made on material observed under a reflecting polarizing microscope, and only 
5 of the materials used, Nos. 49, 74, (100-101), 156, and 195 had been examined by 
ytay diffraction methods. Apparently no analyses of isometric arsenides have been 
made on material whose identity and homogeneity have been established by x-ray 
methods except Nos. (100-101) and 195. In many cases there is no evidence that 
the crystallization or homogeneity of the analyzed material had been established od 
any method. 

Inhomogeneity of the type observed in the isometric arsenides from many i 
calities would yield analyses of widely varying arsenic content, lower than that 
called for by the skutterudite formula, R:Ass3. The illusion of extensive isomorphism 
between the metals and arsenic is an obvious consequence. At the same time 
widespread inhomogeneity combined with occasional failure to recognize the non- 
isometric character of massive material has provided analyses suggesting unlimited 
isomorphism among the three metals in the isometric series. 


TABULATED DATA RELATING TO PUBLISHED ANALYSES 


In Table 6, 198 analyses of the higher arsenides of cobalt, nickel, and iron have 
been arranged. A tabulation of essential data relating to these analyses has been 
assembled in Table 7. With few exceptions the original paper has been examined 
to ascertain the basis on which the author’s identification of the material depends 
and to check the analysis. Although most of the headings in Table 7 are self-explan- 
atory, several call for special comment. 


‘ Column (5), “original description of analyzed material,” comprises comments by 


the analyst or original author concerning crystal form, structure, or mode of ag- 
gregation of the material and statements concerning homogeneity and mineral 
association which help to explain the deviations in chemical composition. 

To render the data comparable all analyses prior to the computation of the cobalt- 
nickel-iron ratio and metal-arsenic ratio have been recalculated to the basis of 100 
per cent after eliminating “obvious” impurities. This includes gangue, ‘insoluble’ 
residues, quartz, Si02, CaCOs, MgCOs, and silver and bismuth. It is assumed that 
these two elements are present in the native state. There is general agreement that 
the silver revealed by analysis of these arsenides is present as the native metal. The 
work of McCay (1883) and the frequently observed presence of native bismuth in 
polished plates supports the view that the bismuth is also due to mechanical inter- 
growth. McCay (1883), by treating the powdered mineral with mercury, demon- 
strated that the bismuth in the so-called Wismuth-kobalterz or cheleutite from Schnee- 
berg is a mechanical intergrowth of a tri-arsenide of skutterudite type and native 
bismuth. 

The cobalt-nickel-iron ratio (Column 6) has been computed for each analysis and 
is indicated by three percentage figures arranged in sequence (cobalt-nickel-iron). 















































TABLE 6.—Published analyses of the higher arsenides of cobalt, nickel and iron 
As Ss Co Ni Fe Miscellaneous Total ee 
1 65.75 | — | 28.00} — 5.00 | 1.25 (Mn, Fe and Mn given as oxides.) | 100.00 51 
2 | 77.96} 1.02 | 9.89 | 1.11] 4.77 | 3.89 Bi, 1.30 Cu, trace Mn. 99.94 52 
3 | 70.37 | .66| 13.95 | 1.79 | 11.71 | .01 Bi, 1.39 Cu. 99.88 53 
4 | 71.30] .14| — | 28.14} — | 2.19 Bi, .50 Cu. 102.27 54 
5 | 71.08} trace | 9.44) — | 18.48 | 1.00 Bi, trace Cu. 100.00 55 
6 | 66.02; .49/| 21.21; — 11.60 | .04 Bi, 1.90 Cu. 101.26 56 
7 | 75.85; — 3.32 | 12.04] 6.52 .94 Cu. 98.67 57 
8 |(77.82)| — 3.38 | 11.57 | 6.35 | .88 Cu. 100.00 58 
9 | 74.80} .85| 3.79 | 12.86) 7.33 | — 99.63 69 
10 | 58.71 | 2.80 | 3.01 | 35.00 .80 | Cu—trace. 100.32 60 
11 73.55 .27 | 6.28 | 14.49} 5.20 | — 99.79 61 
12 68.30 | — — 26.65 | 2.06 | 2.66 Bi, trace Cu. 99.67 62 
13. | 75.73 | .87| 6.81 | 11.59] 4.43) — 99.43 63 
14 | 75.14 | 1.31 | 12.66 | 3.02 | 5.10 | Insol.—.32, 1.65 Cu, .66 Bi. 99.86 64 
15 | 75.05 | 1.30 | 12.27 | 3.00} 5.23 | Insol.—.52, 1.52 Cu, .90 Bi. 99.79 65 
16 75.09 | 1.30 | 12.46 | 3.01 5.16 | Insol.—.42, 1.58 Cu, .78 Bi. 99.80 66 
17. | 76.00 | 1.32 | 12.61 | 3.05 | 5.22 | 1.60 Cu. 99.80 67 
18 | 75.40] .73| 3.42 | 11.90] 7.50} .39 Cu. 99.34 68 
19 | 68.40| 1.06 | 4.20 | 24.95 .69 | .21 Bi. 99.51 69 
20 | 62.85 | 1.20 | 15.88 -90 | 6.42 | Insol.—10.62, 1.44 Bi, .01 Cu. 99.32 70 
21 71.53 | 1.38 | 18.07 | 1.02 | 7.31 | .01 Cu. 99.32 71 
22 +| 45.30} 1.10 | 8.42 | 2.18} 3.08 | Insol.—39.00, trace Bi, .72 Cu. 99.80 72 
23 | 74.35 | 1.80 | 13.80 | 3.60} 5.05 | 1.20 Cu. 99.80 73 
24 | 66.33| .16| .64| 27.76 | trace | 5.11 Bi. 100.00 "4 
25 | 69.90| .17 .67 | 29.26 | trace | — 100.00 15 
26 | 65.02} .49 | 16.00 | trace | 11.20 | Insol.—5.82, .37 Bi, .65 Cu. 99.55 16 
27 «|: 69.34 51 | 17.06; — 11.95 | .69 Cu. 99.55 "7 
28 | 70.36 90 | 18.58; — 9.51 | trace Bi, .62 Cu. 99.97 78 
29 | 73.46 61 | 2.03 | 19.88 .38 | Pb .36, insol.—.12, .41 Bi. 97.25 
30 | 73.53 61 21.94 .37 | Pb .37, insol.—.14, .31 Bi. 97.27 79 
31 73.49 61 21.90 .37 | Pb .37, insol.—.14, .36 Bi. 97.24 80 
32 | 75.78 61 | 2.30] 19.89 .47 | Pb .01, insol.—.13, .16 Bi. 99.35 et 
33 | 76.19 | .61 21.73 .30 | Pb .12, insol.—.16, .18 Bi. 99.27 82 
34 | 61.59} .05| 13.70] — 3.71 | Pb .16, 20.17 Bi, .69 Cu. 100.07 83 
35 75.85 88 | 13.18 1.72 | 4.93 | 1.59 Bi, 1.42 Cu. 99.57 84 
36 | 63.42 | — | 15.83 | 15.07 | 3.69 | Insol.—.32, .86 Bi. 99.19 85 
37 75.4 ~— 4.5 | 15.2 3.5.1.2 Ge. | 99.30 86 
38 | 69.85; 1.10; — — | 27.41 | 1.05 Sb. 99.41 87 
39 | 61.62 | 6.84; — — | 31.20] — 99.66 88 
40 | 61.18 | 6.63) — — | 31.20) — 99.01 89 
41 | 61.40| 6.73; — — | 31.20 | — 99.33 0 
42 | 58.94) 6.07; — _ 32.92 | 1.37 Sb. 99.30 91 
43 76.38 | .11 | 1.60} 18.96 | 2.30 | .31 Sb, .34 Bi. 100.00 92 
44 71.19 .30 21.19 1.35 | 4.58 Bi. 98.61 93 
45 | 75.43 | .30 22.24 1.22 | .37 Bi. 99.56 94 
46 71.47 58 | 3.62 | 21.18 | 2.83 | .29Cu. | 99.97 95 
47 74.52 | 1.81 | 11.72 | 1.81 5.26 | 3.60 Bi, 1.00 Cu. 99.72 9% 
48 | 47.99 | 1.89 .93 | .75 | 17.78 | .47 Sb, .05 Pb, .12 Zn, .01 Cu, trace | 100.14 97 
Bi, 30.15 S,Os. 98 
49 | 66.84/ 1.08; — et 24.88 | .05 Pb, CaCO; 4.00, MgCO; 1.57, | 99.76 99 
| 1.34 Cu. 100 
50 74.22 .89 | 20.31 | _ 3.43 | .16 Cu. 99.01 ee 
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As S Co Ni Fe Miscellaneous Total 
72.644) — 3.37 | 20.74} 3.25 | — 100.00 
73.53 | .94] 9.17] 14.06} 2.24] — 99.94 
76.09 | — 4.56 | 12.25 | 6.82 | — 99.72 
60.42 | 2.11 | 10.80 | 25.87 .80 | — 100.00 
59.38 | 2.22 | 18.30 | 19.38 72) — 100.00 
68.73 | — | 16.37 | 12.15 | 2.30] .45 Cu. 100.00 
77.32 | .42 | 10.23 | 10.41 -78 | .62 Sb, .13 insol. 99.91 
77.10 | .39 | 10.98 | 9.79 .75 | .47 Sb, .56 insol. 100.04 
72.97 | 1.70 | 10.88 | 9.41 | 2.78 | 1.31 Bi, .58 insol. 99.63 
62.29 5.18 | 4.40; — 24.33 | 4.37 Sb, trace Mn. 100.57 
69.70 | 4.71 | 10.11 | 8.52 5.05 | trace Sb, .97 Bi, .94 Cu. 100.00 
70.17 | — — 27.38 | 2.12 | — 99.67 
69.52 .32 | 22.11 | 1.58 | 4.63 | .33 Bi, 1.78 Cu. 100.27 
67.31 | 1.82 | 18.49; 1.24] 8.59 | 2.55 Cu. 100.00 
68.50 | 7.00 | 9.60 — 9.70 | 1.00 Cu. 95.80 
74.84} 1.70} 8.28} 8.50} 4.45 | 3.24Cu. 101.01 
61.46 | 2.37 | 14.97 a 16.47 | 4.22 Cu. 99.49 
68.27 | 1.30 | 13.12 1.88 | 14.38 | .26 Cu, 1.24 Bi. 100.45 
69.12 | 1.32 | 13.29 | 1.90 | 14.56 | .26 Cu. 100.45 
70.34 | — — 28.40 | trace | — 98.74 
70.93 | — — 29.50 | trace | — 100.43 
74.47 | 1.53 | 19.73 --- 4.27 | — 100.00 
75.04 | 1.61 | 10.93 6.12 §.22 | .31 Cu, .70 insol. 99 .93 
70.13} .35| 2.86} 24.58 .03 | .48 Sb, .56 Cu, trace Bi, 1.45 gangue. 100.44 
55.00 | 8.35 -- — 36.44 | .01 Ag. 99.80 
70.59 | 1.65 — o 28.67 | — 100.91 
53.64 | 7.66 -- — 38.70 | — 100.00 
58.75 | 1.40 — a 26.70 | .36 Sb, .44 CaO, .05 MgO, .19 H;0, 99.53 

.44 Al,Os, .92 SiOz, 10.28 insol. 
55.85 | 6.24 | 11.85 | 26.04 .92 | — 100.90 
72.00} .43| 1.94] 7.00} 17.39 | — 98.76 
49.85 | 2.65 5.13 | 22.36 | 19.71 Sb. 100.00 
59.96 | 3.19 — — 26.89 | 9.96 Sb. 100.00 
68.08 .84 _ —_— 27.32 | 4.03 Sb, .10 Cu, .10 SiOs. 100.47 
70.16 | 1.20 | 4.13 20 | 23.75 | .29 Sb, trace Bi. 99.73 
65.99| 1.94) — — | 28.06 | 2.17 Serpentine. 98.16 
65.88 | 1.77 — oa 32.35 | — 100.00 
63.14 | 1.63 —_ a= 30.24 | 3.55 gangue. 98.56 
65.61 | 1.09 _ — 31.51 | 1.04 gangue. 99.25 
66.57 1.02; — — | 31.08 | .92 gangue. 99.59 
61.52 | .83 —_ oo 29.83 | 6.07 gangue. 98.25 
66.59 1.93 — — 28.28 | 2.06 gangue. 98 .86 
67.81 | 1.97 — — 28.19 | 1.14 gangue. 99.11 
68.21 | 1.32] — — | 29.05 | 1.21 insol. 99.79 
68.38 | 1.32 — — 28.86 | 1.21 insol. 99.77 
68.52} 1.95| — — | 27.96 | 1.75 gangue. 100.18 
77.84 69 | 20.01 -— 1.51 | trace Cu. 100.05 
79.00; — | 19.50; — 1.40 | — 99.90 
79.20; — | 18.50}; — 1.30 | — 99.00 
72.05 | 2.30 | 18.90 -— 3.83 | 3.41 insol. 100.49 
72.10 | .97 | 18.60 2.64 | 5.63 insol. 99.94 
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As Ss Co Ni Fe Miscellaneous Total 
101 | 76.41 | 1.03 | 19.70; — 2.80 | — 99.94 
102 | 70.09/ 1.33; — — | 27.39|— 98.81 
103 | 70.22/ 1.28) — — | 28.14] — 99.64 
104 | 72.17 | .37| trace | — | 27.14] trace P. 99.68 
105 | 71.13 | .68 | 12.99 20 | 15.28 | .33 Cu and Pb. 100.61 
106 | 69.46} .90| 23.44); — 4.94 | — 98.74 
107 | 71.10 | 1.55 | 27.31 | — — | 02Cu. 99.98 
108 70.24 | .57 | 27.83 — — .05 Bi, trace Cu, 1.26 insol. 99.95 
109 | 71.09 | trace}; — — | 28.70 | — 99.79 
110 | 63.08 | 3.42 | 1.22 | .29 | 28.95 | .45 SiOs. 97.41 
111 | 65.02 | 2.90 | 3.93 | 26.75 | 1.40 | — 100.00 
112 | 72.91| .14| 8.09 | 12.25] 4.70 | 2.42 Zn. 100.51 
113 | 74.45 | .72 | 16.47 3.90 | 4.40 Bi, .28 gangue. 100.22 
114 | 71.10) — — | — | 28.90 | — 100.00 
115 | 71.70; — | — | — | 28.30] — 100.00 
116 | 68.12 | 1.40 | 6.65 | 11.37 | 9.88 | 2.09 Cu. 99.51 
117 | 71.13 | .36| 6.94 | 11.87] 9.70 | — 100.00 
118 | 70.11; .81)}; — | — _ | 28.21 | trace Bi. 99.13 
119 | 76.78 | 1.67 | 7.78 | 12.94] 1.04 | .44 insol. 100.65 
120 | 60.41} 5.20! 5.10 | 13.37 | 13.49 | — 97.57 
121 | 72.18! .70| — | — | 26.48| — 99.36 
122 | 58.92| 2.77; — | — | 25.63 | 6.34 Bi, 6.34 insol. 100.00 
123 | 68.87/1.09| — | — | 29.20} — 99.16 
124 | 57.90 | 4.21 34} — | 31.46 | Sb 3.49, 2.58 tz. 99.98 
125 63.21 | trace _ _ 35.85 | trace Ti. 99.06 
126 | 68.00/ .56| 20.61; — | 10.40| — 99.57 
127 | 77.94| .51| 3.69 | 12.01] 5.07 | — 99.22 
128 | 78.26); — 15.05 6.69 | — 100.00 
129 | 66.84} .56| 1.72 | 11.09 | 19.48 | — 99.0 
130 | 67.26 | 3.29} — — | 29.45 | — 100.00 
131 | 71.11 | 2.29} — | 18.71] 6.82 | — 98.93 
132 | 63.66 | 3.66| 6.44| — | 21.22 | 5.61 Sb. 100.59 
133 | 66.90 | 2.36| 4.67| — | 21.38 | 3.59Sb, 1.14 Cu. 100.04 
134 | 52.43] .34/| 21.93| — | 12.96 | .67 Bi, .33 Cu, trace Mn, 5.19 CaCOs, | 100.30 

1.46 MgCOs, 4.99 insol. 

135 | 61.54 | .27 | 20.56| 7.39 | 5.98 | 4.76 Bi. 100.50 
136 | 76.55| .75| 7.31 | 4.37 | 7.84 | .32 Sb, 4.11 Zn, .22 Cu. 101.47 
137 | 58.76 | 2.94| 7.65 | 9.85] 9.86 | 1.06 Sb, .72 Zn, 6.33 Pb, 2.14 gangue. | 99.31 
138 | 70.85} .81| 2.88 | .79 | 24.67 | — 100.00 
139 | 67.17 | 2.18 | 4.11 | 23.24| — | 2.78 Ag. 99.48 
140 | 71.61} .75 | 13.81 | 11.35 | 1.21 | .96 Cu. 99.69 
141 | 66.87 | 4.13 | 12.16 | 14.14} 2.10 | .40 Cu. 99.80 
142 | 70.84| .82 5.62 | — | 22.18 | trace Sb, .41 Cu. 99.87 
143 @.@| .%6| 5.94|; — 23.60 | trace Sb, .38 Cu. 99.96 
144 | 67.32 | 2.03 | 1.80 | 27.84] trace | .83 Sb. 99.82 
145 | 68.78 | 2.02 19.99 7.97 | — 98.76 
146 | 74.72 | 1.25 | 20.57 | 1.31 | 2.35 | — 100.20 
147 | 72.71} .99 | 20.89) 2.54] 2.87 | — | 100.00 
148 | 76.38 | 1.50| 20.18; .11] 1.84) — | 100.01 
149 | 66.12 | 2.45 | 2.61 | 26.47|  .66-| .60 Sb, .25 SiO». | 99.16 
150 | 68.03 | 2.24| 2.24 | 27.19 .44 | .43 Sb. | 100.57 
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As Ss Co Ni Fe Miscellaneous Total 
65.90 | 3.33 | 2.93 | 25.73 -78 | .96 Sb, .32 SiOz. 99.95 
66.60 | 2.97 | 2.70 | 26.21 -66 | .85 Sb, .21 SiOe. 100.20 
65.78 | 3.05 | 1.94 | 27.08 .56 | .91 Sb, .16 Cu. 99.48 
74.51 | 1.38 | 16.03 .89 | 6.89 | .40 Sb. 100.10 
75.02 | 1.51 | 17.60 -44 | 5.22 | .56 Sb. 100.35 
68.5 | 2.60 .40 | 28.10; — — 99.60 
68.84; .96;) 5.84) — 22.24 | .26 Sb, 2.22 insol. 100.36 
75.70 | .66 | 17.66 -66 | 3.56 | .06 Bi, 1.64 insol. 99.94 
66.61 | 3.30 | 11.24 | 17.46 .73 | .84 insol. 100.18 
71.30 | .92 | 12.56 .36 | 14.60 | — 99.74 

1.18 | 20.50 .20 .95 | .16 COs, .10 Cu, 1.22 insol. 99.46 
2.06 | 6.10 | 19.23 1.09 | 3.53 insol. 99.68 
1.20 | 16.59 | 4.11] 1.42 | .05 Cu. 100.00 
1.39 | 19.27 11} 1.85 | — 98 .82 
1.54] 6.37 | 18.63 | 2.31 | .89 CaCO. 100.40 
Be «| _ — 29.40 | — 99.41 
.13 19.52 -44 | .03 Pb, 4.78 Ag, .04 Cu, .09 CaO, 99.12 
.05 MgO. 
5.13 | 11.12 | 2.64 | trace Pb, 8.38 Ag, 1.04 Cu. 99.20 
— — 27.93 | trace Cu. 99.53 
11.59 | trace |(15.99) | 2.05 Pb, trace Ag, 1.13 Bi, .16 Cu, 98.89 
2.60 SiO:. 
4.37 .21 | 22.96 | .08 Bi, .39 Cu. 99.75 
10.98 | 5.14} 5.82 | 1.44 Insol. 98.68 
14.88 | 1.12 | 11.14 | 6.34 CaCOs, 2.22 insol. 100.33 
13.75| — 13.85 | — 99.48 
— —_ 27.89 | — 99.79 
— _ 26.30 | — 100.31 
— — 32.92 | 1.37 Sb. 99.30 
1.35 | 12.16 | 17.70 | — 101.21 
3.82 | 9.44] 11.85 | — 100.00 
3.85 | 10.17 | 12.92 | — 100.00 
— _ 27.60 | 5.10 gangue. 100.00 
_— _ 27.60 | .20 Ag. 99.20 
24.13 | 1.23 | 4.05 | .41 Cu. 100.75 
_ — 27.35 | — 99.80 
17.644; — 4.93 | 1.19 Ag, 4.60 Cu. 100.56 
15.80 | 11.40 |} 6.20 | 3.20 Ag. 96.90 
15.90 | 5.16] 2.61 | 2.06 Ag. 99.75 
15.16 | 2.62] 7.16} — 94.15 
_ 35.10 | 1.40 | 4.70 gangue. 99.90 
13 _— 24.35 | Au and Ag .01, .11 Cu, .10 Bi, gangue 99.43 
2.88. 
9.42 — 19.18 | — 99.30 
13.25 | 3.50] 3.50 | O, HO etc. 14.25, trace Cu. 100.00 
12.82 | 3.96 | 5.54 | .60 insol. 98 .88 
19.91 .55 | 2.80 | .40 insol. 99.17 
18.59 | trace | 2.29 | — 99.34 
— _ 29.31 | 1.86 Cu, .11 Sb. 100.00 
— _— 27.83 | .17 insol. 100.82 
5.93 — 20.70 | 2.60 insol. 96.50 
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The relation between the ratio of the three metals and crystallization is shown 
graphically in Plates 3 and 4 where each analysis is represented by a symbol in- 
dicating crystallization. The position of the symbol on these plates is determined 
by the ratio of the three metals. . 

The metal-arsenic ratio (Column 7) has been calculated for each analysis. Sulphur 
and antimony have been arbitrarily included in the arsenic total, and metallic 
elements such as copper and more rarely others have been grouped with cobalt, 
nickel, and iron. This data is given asaratioR:As. The relation between arsenic 
content and the ratio of the three metals is shown graphically in Plate 5. 

A few of the 198 analyses have not been plotted on the diagrams or used in the 
computations. Nickel and cobalt are not separated in 9 analyses (Nos. 30, 31, 33, 
44, 45, 113, 128, 145, and 167), hence these cannot be used in a discussion involving 
cobalt-nickel-iron ratios. Eight analyses (Nos. 17, 21, 23, 25, 27, 69, 101, and 117) 
represent recalculations, by the original author, after eliminating “obvious impuri- 
ties’ (quartz, bismuth, efc.). Each of these is identical with a corresponding un- 
corrected analysis in the ratios of the three metals and the metal-arsenic ratio. The 
8 listed above correspond respectively with Nos. 16, 20, 22, 24, 26, 68, 100, and 116. 
Each pair is represented on the triangular diagrams by one symbol. 

‘In some cases a single material or specimen is represented in the original paper by 
more than one analysis. These multiple analyses represent in part, determinations 
made on different portions of the same specimen or on several specimens described as 
representing the same material. A few were made on fractions of a single specimen 
obtained in the course of selective solubility experiments. If the compositions shown 
by these multiple analyses are nearly the same, the group is represented on the 
diagrams by a single symbol: (29-32), (39-40-41) (70-71), (114-115), and(150-152). 
If there are appreciable differences, the analyses are plotted individually: (7-8), 
(14-15), (54-55), (142-143), (146-147-148), (149- (150-152)), and (191-192). 


" Analyses (16-17) are averages of others, hence were not used. 


Column (8) contains the mineral name and system of crystallization for each 
analyzed specimen, as they appear in the source. The letters (I) isometric and (O) 
orthorhombic indicate the crystallization implied by the mineral name assigned to the 
material by the original author. A letter alone is used if the crystallization implied 
by the mineral name is supported by accompanying physical, chemical, x-ray, or 
optical data, such as crystal form, crystal habit, mode of aggregation, anisotropism, 
high specific gravity (“orthorhombic” arsenides), or very high arsenic ratio (iso- 
metric arsenides). A question mark following the letter indicates that the crystalli- 
zation implied by the assigned mineral name is unsupported by accompanying data, 
either because the original source lacks any description of the material used or 
contains data of a conflicing nature. A question mark replacing the letter indicates 
that there is no evidence of the author’s view concerning crystallization, either 
expressed in the description of the analyzed material or implied in the mineral name. 

In a corresponding column (9) a revised interpretation of the crystallization and 
nomenclature is given. This is based on the original description of the analyzed 
material, in many cases supported by microscopic and x-ray data obtained in the 
course of the present study on material from the locality in question. The letters 
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I, O, and M are used to represent respectively isometric, orthorhombic and mono. 
clinic members. A letter alone indicates that the identity and crystallization of the 
material is reasonably certain. A question mark follows the letter if the identity 
and crystallization of the material are in doubt. A question mark alone indicates 


TABLE 8.—Relation between crystallization and cobalt-nickel-iron ratio for the materials used in the 
published analyses plotted on Plates 3 and 4 












































(Pl. 3) (Pl. 4) 
Area Crystallization according to Crystallization on basis of 
original author present investigation 
Isom. ae Syst. (r) Total | Isom. a Reject | Total 
I. Isometric area | 
A. Skutterudite | 
1. Skutterudite (cobaltian).....| 43 1 2 | 46 41 2 3 46 
2. Nickelian skutterudite....... 19 1 2 | 22 | 19 | 2 1 | 2 
3. Ferrian skutterudite......... 3 2 >i 6 1 4 1 
Total—Taometric area.............+.. 6 | 4) 5) 1 lo | s|s|m 
II. Nonisometric “orthorhombic” areas | | 
A. Rammelsbergite and pararam- | 
melsbergite (orthorhombic)... 7 ie i a ee a 18 i 22 
B. Loellingite (orthorhombic) | | 
1. Loellingite (ferrian)......... 2 48 | 1 si | 0 50 i 51 
2. Cobaltian loellingite......... 0 7 | 9. t= 7/1 0 7 
3. Nickelian loellingite......... S¥Ssea SR ae. 3 oT 
Total—Loellingite area............ 2 | 58 | 1 | 6 | 0 | 6 1 | 61 
C. Safflorite (monoclinic).......... 7 8 1 | 16 0 13 3 16 
Total—iron-cobalt nonisometric 
SON ARE Ter 9| 6 | 2/7 0 | 73 4 | 77 
Total—Nonisometric areas............ 16 | 77 | 6 99 | 3 91 5 99 
Total—Alll analyses................ si | si | 11 | 173 | 6 | 99 | 10 | 173 





that the analysis has been rejected as questionable either because it is believed to be 
unreliable or because of gross inconsistency in the available data on the analyzed 
material. 


RELATION OF COBALT-NICKEL-IRON RATIO TO CRYSTALLIZATION IN THE HIGHER ARSENIDES 


General statement.—Data on the relation between the cobalt-nickel-iron ratio and 
the crystallization of the materials represented by the published analyses are sum- 
marized in Plates 3 and 4 and in Tables 8 and 9. Broken-line boundaries on the 
triangular diagrams indicate probable limits of composition of the several minerals 
of the group, based on a review of published analyses and the results of the experi 
ments in synthesis. Isometric arsenides are limited to the single large skutterudite 
area. The “orthorhombic” members are restricted to two isolated groups—(l) 
rammelsbergite-pararammelsbergite and (2) loellingite-safflorite. Distribution of 
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TaBLE 9.—Relation between crystallization and cobalt-nickel-iron ratio for the materials used in the 
published analyses plotted on Plates 3 and 4* 





























Area Cestinnietne to Ceystalliantion on basis of 
original author present investigation 
Isom. “Orth.” | Syst. (?)| Isom. | “Orth.” Reject 
|], Isometric area . 
A. Skutterudite 
1. Skutterudite (cobaltian)........ 1 2 63 1 
106 63 135 — 106 2 
135 
2. Nickelian skutterudite.......... 165 159 79 112 159. 
112 165 79 
3. Ferrian skutterudite........... 176 120 137 — 120 137 
177 175 175 
176 
177 
II. “Orthorhombic” areas 
A. Rammelsbergite and pararam- 
melsbergite (orthorhombic)...... 19 4 | (29-32) 2 10 
(29-32) -- 10 43 19 
43 111 131 51 
51 131 (70-71) 
(70-71) 111 
139 139 
162 162 
B. Loellingite (orthorhombic) 
1. Loellingite (ferrian)............ 49 178 _ 49 | (114-115) 
(114-115) 178 
2. Cobaltian loellingite............ - -- — — —_— 
3. Nickelian loellingite............ — — — - — —_ 
C. Safflorite (monoclinic)............ 3 160 134 -— 3 65 
5 5 134 
65 126 160 
126 170 
170 173 
173 188 
188 








comprise two discontinuous units. 


* Disposition of nonconforming analyses and those unaccompanied by data on crystallization or of doubtful reli- 
ability. The numbers are those of the analyzed materials listed in Table 7. 


available analyses and Peacock’s work on safflorite suggest that the latter may 
The position of each analysis on Plates 3 and 4 is 
determined by the cobalt-nickel-iron ratio. Two or more specimens have the same 
ratio and the same crystallization, the numbers representing them have been brack- 
eted. Numbers enclosed in parentheses indicate that the symbol represents more 
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than one analysis on the same sample. Plate 3 is based on the analyst’s or original 
author’s interpretation of the crystallization. The symbols used in Plate 4 represent 
a revised interpretation of the crystallization based on the present study. 

In Plate 3 each of the three major mineral groups—skutterudite, rammelsbergite. 
pararammelsbergite, and loellingite-safflorite is represented by a distinctive symbol, 
The solid symbol indicates that specific statements in the original paper confirm the 
crystallization implied by the assigned mineral name. This may consist of a de. 
scription of crystal forms observed, optical data such as the presence of anistropism, 
physical data such as unusually high specific gravity, a characteristic of the “ortho. 
rhombic” arsenides, or other evidence distinguishing isometric from nonisometric 
phases. An open symbol indicates that the original description contains no reference 
to the crystallization of the analyzed material or contradictory data in which case 
the symbol used is based solely on the crystallization implied in the assigned mineral 
name, as given in the original source. A few analyses are not only unaccompanied by 
data on crystallization but were assigned mineral names such as “arseniknickel” 
without implication of any one crystal system. In other cases the assigned name 
can be interpreted as referring either to an isometric or ‘‘orthorhombic” mineral. 
For example the term rammelsbergite in the middle of the nineteenth century was 
used by certain mineralogists for the supposed isometric diarsenide of nickel, while 
others applied it to the orthorhombic form. It is not always clear which usage a 
particular author had in mind. All such analyses are represented by circles. 

_ The identity and crystallization of the material represented by the published 
analyses have been reviewed in the light of the accompanying description of the 
specimens used. Additional data obtained in the course of the present investigation, 
on specimens from the localities in question, have also been considered. The sym- 
bols in Plate 4 are based on the present study and have a somewhat different conno- 
tation from those used in Plate 3. The solid symbol indicates that the identity 
and crystal system of the material is accepted as reasonably well established. An 
open symbol indicates that the assigned system is probably the correct one, but the 
evidence is inconclusive or contradictory. A circle represents an analysis rejected 
either because it is believed to be unreliable or because of strong doubt concerning 
the crystallization of the material used, due to lack of data or inconsistencies in the 
original description. Arrows are attached to certain symbols on Plate 4 to show 
that the cobalt-nickel-iron ratio calculated from the analysis is misleading due to 
inhomogeneity, the nature of which is described in the original paper or seems 
reasonably certain from other evidence. For example, the material used for analysis 
No. 159 which lies in the midst of the isometric arsenides was described as rammels- 
bergite (orthorhombic). Examination of the published description, however, reveals 
that the author recognized the analyzed material to be intergrown with appreciable 
amounts of safflorite and cobaltite. Obviously the nickel ratio of the rammels 
bergite itself is much higher than the position of the symbol on the diagram indicates. 
The arrow indicates the direction in which the symbol should be moved to portray 
the true cobalt-nickel-iron ratio of the mineral represented. Unfortunately, the 
amount of inhomogeneity is not often stated by the author so that only the direction 
of movement can be indicated. 
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Table 8 summarizes the data of Plates 3 and 4. The predominance of arsenides 
of a particular crystallization in each of the areas outlined is evident. The figures 
referred to in the following discussion are taken from this tabulation. 

Table 9, a supplement to Table 8, lists (1) analyses of doubtful reliability, (2) 
analyses made on materials of unknown crystallographic character, and (3) those 
whose original crystallographic classification seems questionable. The figures 
given are the numbers of the analyses. It summarizes the disposition made of 
analyses, concerning which there was question. This table indicates that a number 
of specimens claimed to be isometric are more likely orthorhombic when consideration 
is given to the descriptions of analyzed material, but in no case is the reverse true. 
Reference to Plates 3 and 4 and Tables 8 and 9 will aid in following the discussion 
of the relation between cobalt-nickel-iron ratio and crystallization. 


Isometric arsenides (skutterudite)—Eighty-one of the 173 specimens for which 
published analyses exist were alleged by the original authors to represent isometric 
material. Sixty-five of these fall within the limits, established on the basis of the 
present study for isometric arsenides, while 16 lie within the limits assigned to 
“orthorhombic” arsenides (Table 8). Twelve of these 16 specimens alleged to be 
isometric, but falling outside the isometric limits, are believed to be “orthorhombic” 
minerals misidentified as isometric (Table 9). Although 8 arsenides accepted as 
“orthorhombic” occur within the isometric area, the descriptions of the analyzed 
material in every case provide evidence of misleading cobalt-nickel-iron ratios due 
toinhomogeneity. On the basis of restudy, 64 of the 173 specimens are accepted as 
isometric, 61 of which fall within the limits set for the isometric group. Whether one 
accepts the crystallization of the analyzed material as set forth in the original source 
(Pl. 3), or as revised on the basis of the present study (Pl. 4), the majority of isometric 
arsenides fall within the limits outlined for this group. Most of the few exceptions 
can be satisfactorily explained. These are considered in some detail, and their 
disposition is summarized in Table 9. 

Eight specimens accepted as ‘‘orthorhombic’”’ fall within the isometric area. The 
materials used in four analyses, Nos. 63, 120, 159, and 175, occurring within the 
isometric zone were described as orthorhombic by the original authors. Four 
others, Nos. 106, 165, 176, and 177, although considered isometric by the original 
author are believed to be “orthorhombic” on the basis of the descriptions of the 
analyzed material and other information obtained in the present study. All but 
two of these (Nos. 120 and 159) are very close to the isometric ‘orthorhombic” 
boundary. All eight, either on the basis of the published descriptions or on the basis 
of data obtained in the present study, bear evidence of mechanical inhomogeneity 
resulting in fictitious cobalt-nickel-iron ratios. The correct position for each symbol 
would be close to, if not well within, areas assigned to “orthorhombic” arsenides. 
These analyses are treated in more detail in the discussion of the “orthorhombic” 
areas. 

Five analyses, Nos. 2, 79, 112, 135, and 137, for which essentially no data on 
crystallization are available occur within the isometric area and are represented 
by circles on Figure 4. Analyses Nos. 1, 2, 79, 135, and 137 have been rejected, and 
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their positions on Plate 4 are indicated by a circle. Analysis No. 1, dated 1810 (the 
earliest known analysis of Speiskobalt (smaltite) is rejected as unreliable. Analysis 
No. 2 of Wismuthkobalterz; analyzed by Kersten, (1826), has a questionable arsenic 
ratio of 3.68 entirely out of line with that of all other reported occurrences of these 
arsenides. Analysis No. 79 made on material described by the original author 
(Streng, 1861) as Kupfernickel (niccolite) is included because Hintze (1904, p. 811) 
cites it as an analysis of Speiskobalt with an extremely low arsenic content. Analysis 
No. 135 was made on “badenite’’, a material shown by Petrulian (1936) to bea 
mechanical mixture of several minerals. No. 137 is an analysis of a very impure 
specimen identified by the original author as “‘minerale bianca argentina”. These 
five analyses may be justifiably eliminated as serving no useful prupose in the present 
study. Analysis No. 112 has not been rejected since the high metal-arsenic ratio 
suggests isometric material, although no data on crystallization accompanied it. 

Sixteen analyses alleged to be isometric by the original authors lie within the 
“orthorhombic” areas. Seven of these occur within the high nickel area, seven in 
the safflorite area, and two in the high-iron loellingite area. Twelve of these are 
almost certainly “orthorhombic” minerals if the descriptions of the analyzed materials 
are considered. Two have been rejected as unreliable, leaving two isometric ar- 
senides, both in the high-nickel orthorhombic area, whose presence outside the field 
assigned to the isometric members requires explanation. 

Two of the seven arsenides described as isometric which occur within the high- 
nickel orthorhombic area (29-32), and 43, in addition to the undescribed material | 
used in analysis 131, are accepted as isometric. The remaining 5, Nos. 19, 51, 
(70-71), 139, and 162, are believed to be orthorhombic and will be discussed under 
that heading. The Speiskobalt on which analyses (29-32) (Vollhardt, 1886) were 
made was described as inhomogeneous, probably containing niccolite which could 
account for the unusually high nickel ratio, 89.1. The correct position for the 
symbol would be in the low-nickel direction bringing it close to, or within, the 
isometric area. Analysis 43 on Speiskobalt with a nickel ratio of 82.6 is not accom- 
panied by any description (Rammelsberg, 1873). It is a questionable analysis 
since nothing is known of the analyzed material and it was made long before any 
method of ascertaining the homogeneity of opaque minerals was available. Analysis 
131 of Arseniknickel, although made on undescribed material is accepted as isometric 
since it has a high arsenic content. The specimens represented by analyses (29-32), 
43, and 131 are the only arsenides with a nickel ratio greater than 69.1 for which 
strong evidence of orthorhombic crystallization is lacking. 

Two analyses of arsenides alleged to be isometric fall within the high-iron area. 
Both are pure iron arsenides described as arsenoferrite. One of them, analysis 49, 
is that of the material from St. Joachimsthal, assumed by Foshag and Short (1930) 
to be isometric arsenoferrite, on the basis of apparent isotropism, and shown by 
Buerger (1936) as the result of x-ray work to be loellingite, (orthorhombic). Analy- 
ses (114-115) were made on the type specimen of arsenoferrite from the Binnenthal. 
The material was described as exceedingly impure by the original author who pro 
posed the name, tentatively, admitting that the validity of the species depended on 
finding more satisfactory material. Apparently the material from this locality has 
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never been re-examined. These analyses have been rejected and are represented 
bya circle on Plate 4. They constitute the available evidence for an isometric iron 
arsenide and the only evidence for an isometric arsenide with an iron ratio greater 
than 67.4. An isometric arsenide of pure iron or even one with a high iron ratio is 
very doubtful. 

Seven analyses (Nos. 3, 5, 65, 126, 170, 173, 188) of the 16 falling within the 
saflorite area were made on material claimed by the original authors to be isometric. 
However, attention to the descriptions of the analyzed material, indicates that 6 of 
the 7 represent “orthorhombic” rather than isometric minerals and these will be 
described in the “orthorhombic” section. The seventh, analysis 65, made on 
‘Weisser Speiskobalt” (Laugier, 1813), has been rejected as unreliable. 

“Orthorhombic arsenides.—The recorded data on published analyses fails to support 
the widely accepted assumption that the “orthorhombic” arsenides exhibit unlimited 
isomorphous substitution among the three metals. Isomorphism between cobalt, 
nickel, and iron is not only limited in the “orthorhombic” group, as in the isometric, 
but is discontinuous. The evidence suggests a complementary relationship between 
the two series which is apparent in Plates 3 and 4. The “orthorhombic” arsenides 
are clustered about the nickel and iron corners and the mid-portion of the cobalt- 
iron edge of the diagram, so that the high-nickel unit is completely separated from the 
larger group of iron-bearing members. The latter is divided into two areas, loellingite 
and safflorite. This restricted distribution is apparent regardless of whether the 
data on crystallization used are those of the original authors (Pl. 3) or the revised 
data based on the present study (Pl. 4). Seventy-seven of the 81 arsenides claimed 
to be orthorhombic by the original authors and 91 of the 99 accepted as “‘ortho- 
thombic” on consideration of all available data occur within the limits assigned to 
“orthorhombic” arsenides on the basis of the present study. 

. ORTHORHOMBIC HIGH-NICKEL ARSENIDES (RAMMELSBERGITE AND PARA- 
RAMMELSBERGITE): An isolated area of orthorhombic high-nickel arsenides is 
indicated by the published analyses. Eleven of the 12 high-nickel arsenides claimed 
to be orthorhombic, and all but twoof those accepted as orthorhombic in the present 
study, fall within the limits outlined for this group. Five of the seven allegedly 
isometric arsenides lying within this area are believed to be more likely orthorhombic 
when the published descriptions of the analyzed material are reviewed in the light 
of data obtained on similar specimens from the same localities. The remaining two, 
both very old and of questionable reliability, have been accepted as isometric for 
lack of evidence to the contrary. The presence of two accepted orthorhombic 
high-nickel arsenides within the adjacent isometric area has been accounted for. 

Seven arsenides claimed to be isometric occur within this “orthorhombic” area, 
five of which—19, 51, (70-71), 139, and 162—are believed to be orthorhombic 
rather than isometric on the basis of the descriptions of the analyzed material. The 
remaining two specimens—(29-32) and 43—are accepted as probably isometric, and 
their positions outside the isometric limits have already been discussed. Analysis 19 
was made on material called chloanthite by the original author solely because of the 
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low specific gravity—scarcely a sufficient basis, since the homogeneity of sug 
material could not have been ascertained in 1883. Furthermore, it was described 
as radial and fibrous—structures associated with the rhombic nickel arsenide, 
Evidence favors an orthorhombic crystallization for this material. The specime 
used in analysis 51, called ““Deutarseniuret of nickel’’, was described as radial, and 
columnar masses terminated by isometric crystals. Material of this description 
from the same locality, examined in the present study, proved to be rammelsbergite 
or intergrowths of rammelsbergite and pararammelsbergite capped by skutterudite 
This analysis is believed to have been made on material consisting largely of ap 
orthorhombic nickel arsenide. Analyses 70 and 71 were made by Rammelsbey 
(1843) on undescribed material with a fairly high specific gravity. Although lk 
gave it the noncommittal name Arseniknickel, the same author (1845, p. 19) states 
that these analyses were made on isometric material. There is no more evidence 
for isometric than for orthorhombic crystallization for this material, and the high 
specific gravity suggests the latter. These two analyses, although made on the 
same material show considerable differences in metal-arsenic ratio, an indication 
that the specimen was inhomogeneous and the analyses of questionable reliability, 
Analysis 139 was made on material from cobalt called chloanthite and described 
as having a nodular structure, a characteristic of the orthorhombic nickel arsenide 
from this locality. It was made more than 10 years before orthorhombic nickel 
arsenides were recognized in the ores of the Cobalt District. Nodular materia 
from Cobalt answering this description is largely an intergrowth of rammelsbergite 
and pararammelsbergite. Analysis 162 was made on chloanthite from the E 
dorado Mine, Great Bear Lake. On the basis of Thomson’s description and ob 
servations on similar material made in the present study, it was probably largely 
an aggregate of rammelsbergite in a shell of skutterudite. 

Two orthorhombic high-nickel arsenides occur within the skutterudite area. 
One high-nickel arsenide, No. 159, within the isometric areas was considered ortho 
rhombic by the original author, and another, No. 165, although called isometric by 
the analyst is believed to have consisted largely of orthorhombic material. . Analysis 
159 from South Lorrain, said to be orthorhombic, lies well inside the isometric field. 
The analyzed material is described as rammelsbergite with approximately 18 per cent 
safflorite and 17 per cent cobaltite, the latter minerals raising the cobalt and iro 
ratio at the expense of nickel. The correct position for the symbol representing the 
composition of the rammelsbergite component lies closer to the high-nickel end d 
the diagram, probably well within the orthorhombic limits. Analysis 165, describe 





as chloanthite from Franklin, New Jersey, is probably that of a mixture. Specimens 
from this locality proved to be an intergrowth of rammelsbergite and pararammes 
bergite with a narrow outer selvage of skutterudite or cobaltite-gersdorffite. The 
latter minerals would lower the nickel ratio, thereby bringing the symbol into the 
isometric arsenide zone. A very slight increase in the nickel ratio would throwit 
into the orthorhombic field. 

Four analyses—4, 10, 111, and 131—are unaccompanied by any statement 
regarding crystal system and were assigned noncommittal names by the original] 
authors. The first of these, No. 4, is Hoffman’s (1832) analysis of the Arsenikmicht 
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fom Schneeberg. Although there is no statement regarding crystallization, this 
has long been regarded as the earliest analysis of rammelsbergite and is so accepted 
here. Orthorhombic nickel arsenides were not recognized until 1845, hence arsenides 
rich in nickel analyzed prior to this were either regarded as isometric (whether or not 
jsometric crystals were observed) or were given such noncommittal names as Ar- 
seniknickel without implication of crystallization. Analysis 10 is of questionable 
value and has been rejected. It is unaccompanied by any description and even the 
locality is in doubt. Analysis 111 is accepted as more probably orthorhombic than 
isometric on the basis of the low metal-arsenic ratio. There is actually no valid 
evidence for any assumption regarding the crystallization of this specimen. Analy- 
sis 131, Arseniknickel, made on undescribed material (Rammelsberg, 1849), is 
accepted as probably isometric on the basis of the high metal-arsenic ratio and the 
low specific gravity. 

IRON-BEARING “ORTHORHOMBIC”? ARSENIDES (LOELLINGITE AND SAFFLORITE): 
This, the larger of the two separate areas of “orthorhombic” arsenides, is com- 
pletely separated from the high-nickel orthorhombic area by the extension of the 
isometric arsenide zone which reaches the mid-portion of the nickel-iron edge of the 
diagram. This “orthorhombic” area centers about the high-iron corner but has 
two extensions, a very narrow one along the iron-cobalt edge and a second, broader, 
but much shorter, zone along the iron-nickel edge. Sixty-six of the 77 analyses in 
this area were alleged to have been made on “‘orthorhombic”’ specimens, and, when 
the descriptions of analyzed material are considered, 73 of the 77 are accepted as 
“orthorhombic”. Furthermore, no accepted isometric analysis falls within this 
area. Seven of the 9 alleged to have been isometric are probably ‘‘orthorhombic”’, 
and the remaining 2 have been rejected as unreliable. Six arsenides, accepted as 
“orthorhombic” on the basis of the description of analyzed material or other data, 
lie just outside the limits assigned to the iron-bearing nonisometric group, but their 


:presence here can be explained. This appears to be a single unit, although the 


analyses tend to cluster at the iron corner and the mid-portion of the iron-cobalt 
side of the triangle. The differentiation of the members of this group is difficult, 
especially since their x-ray diffraction patterns are so similar. For this reason and 
because there is no evidence for the existence of an “orthorhombic” cobalt end 
member, Holmes (1942) proposed that the term safflorite be replaced by cobaltian 
loellingite, the entire group of iron-cobalt “‘orthorhombic” arsenides being considered 
asingle species. However, Peacock (1944) on the basis of Weissenberg single-crystal 
studies on a specimen of safflorite from Nordmark, Sweden (analyzed?) states that 
cobalt-iron arsenides with approximately equal amounts of the two metals are mono- 
clinic with rectangular axes. This would establish a group of cobalt-iron monoclinic 
arsenides distinct from the orthorhombic iron-rich ones, justifying the retention 
of the term safflorite. The extent to which the two metals can deviate from the 
50-50 ratio without disturbing the monoclinic symmetry is not known. The 
boundary between safflorite and loellingite has been arbitrarily placed at the 70 per 
cent iron line. The iron-rich loellingite area has been subdivided into three units: 
the 85 per cent iron line was selected as the boundary for loellingite proper, or 
(Ferrian) loellingite. The cobalt-bearing (cobaltian loellingite) area and the nickel- 
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bearing (nickelian loellingite) area are separated from each other by the line repre. 
senting equal amounts of cobalt and nickel. 

ORTHORHOMBIC I[RON-RICH ARSENIDES—FERRIAN, COLBALTIAN, AND NICKELIAy 
LOELLINGITE: Forty-eight of the 51 specimens in this area were claimed to be ortho. 
hombic; 50 of the 51 are accepted as orthorhombic. Two arsenides in this area were 
alleged to be isometric and have been discussed under isometric arsenides. Analysis 
178 on Arseniure de Fer Pur, although unaccompanied by data on crystallization, ig 
accepted as probably orthorhombic. 

The orthorhombic iron-rich arsenides with cobalt in excess of nickel and an iron 
ratio of less than 85 per cent are described here ascobaltian loellingite. The boundary 
between the safflorite and cobaltian loellingite areas is arbitrarily placed at the 
70 per cent iron line. The seven analyses within this area were all considered 
orthorhombic by the original authors and are so regarded here. No analyses in the 
adjacent isometric area are believed to belong to this group. 

The nickelian loellingite area is the smallest of all the areas. Only 3 analyses occur 
within the limits set, but 4 analyses—120, 175, 176, and 177—within the adjacent 
isometric, ferrian skutterudite area are accepted as orthorhombic on the basis of the 
present study and are considered nickelian loellingite. Analyses 176 and 177, just 
outside the boundary, were alleged to have been made on isometric material. These 
are the 2 analyses of Genth, made on impure material from Catham, Connecticut, 
Both the ratio of the 3 metals and the metal-arsenic ratio of the 2 are quite different, 
yet the analyses were said to represent the same mineral. It was described as dis 
seminated grains and impalpable powder, and, although it was claimed to be isometric 
(chloanthite), no evidence of crystallographic character was presented. Shepard who 
first described the mineral chathamite from the type locality (analysis 175) described 
it as orthorhombic, and data obtained in the present study on material from Chatham 
confirm his view and show that chathamite is an iron-nickel low-cobalt arsenide of 
loellingite type intergrown with a nickel-bearing member of the cobaltite-gersdorfite 
series and nicolite. In view of this, analyses 175, 176, and 177 are believed to repre 
sent mixtures of an orthorhombic iron-nickel arsenide (nickelian loellingite) inter- 
grown with niccolite and cobaltite-gersdorffite. Intergrowth with the sulpharsenide 
would account for the high sulphur content of Genth’s analyses and the high nickel 
and cobalt ratio which places them within the isometric area beyond the nickelian 
loellingite limits. The cobalt ratio of these three varies with the sulphur content 
confirming the belief that the cobalt is at least in part due to the admixed sulphar 
senide. Analysis 120 was made on impure material from Schladming called Ar 
senikeisen. It was described as massive with a sulphur content. of 5.20 per cent. 
Examination of specimens from this locality reveals a high iron-nickel, low-cobalt 
orthorhombic arsenide (nickelian loellingite) intimately associated with gersdorfite, 
an association very similar to that at Chatham. It is beleived that this analysis 
represents a mixture of these two minerals. The gersdorffite accounts for the high 
sulphur content and the high nickel ratio which places the symbol within the isomet- 
ric area as in the case of the specimens from Chatham. Analysis 81 on material 
from St. Andreasberg has a misleading high nickel content due to the presence d 
breithauptite. The original author believed the orthorhombic arsenide to be nické 
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and cobalt free. However, contact prints of similar material from the locality 
show small amounts of both elements in the orthorhombic arsenide. It is un- 
doubtedly a high-iron (ferrian) loellingite rather than a nickelian loellingite. 

Monociinic IRon-CoOBALT ARSENIDES—SAFFLORITE: The peripheral character of 
the distribution of the iron-bearing nonisometric arsenides is especiallyevident in the 
case of the iron-cobalt (safflorite) group. The cobalt ratio of the 16 analyses in this 
area varies from 32.6 to 65.2 per cent, yet the nickel ratio does not exceed 6.2 per cent. 
Peacock claims that the nonisometric arsenide with approximately equal amounts of 
cobalt and iron is monoclinic, but the extent to which the cobalt-iron ratio can deviate 
jsnotknown. The tentative assumption is made that it can vary over a considerable 
range, and on this basis the safflorite area has been extended from the vicinity of Co3o 
to Cow. The boundary, as placed, excludes the two analyses of “orthorhombic” 
minerals highest in cobalt, Nos. 63 and 106. Since the homogeniety of these two is 
questionable and they are considerably removed from the next nearest “orthorhom- 
bic” analysis, the boundary of the group has been placed between these two and the 
main concentration of minerals of this group. 

The importance of considering the descriptions of analyzed material in evaluating 
published analyses is more evident in this group than in any other. Of the 16 
analyses included in this area, 8 were claimed to have been made on orthorhombic 
material, 7 on isometric, and 1 on material for which no data on crystallization was 
given. On the basis of the descriptions of analyzed material and other data obtained 
in the present study, 13 of the 16 are believed to be “orthorhombic”, while the remain- 
ing 3 have been rejected as unreliable. None of the 7 allegedly isometric arsenides 
within this area has been accepted as such after the available data contained in the 
descriptions of the analyzed material have been taken into account. 

Six (Nos. 3, 5, 126, 170, 173, and 188) of the 7 allegedly isometric arsenides within 
this area are believed to be “orthorhombic’”’, the remaining one, No. 65, has been 


ejected. Analysis 3 was made on massive Grauer Speiskobalt from Schneeberg 


before “orthorhombic” cobalt-iron arsenides were recognized and has a metal- 
arsenic ratio below R:As,. The Grauer Speiskobalt from Schneeberg has been 
generally recognized as ‘“‘orthorhombic” by later workers, and this is confirmed by 
the present study. Analysis 5 on material said to be probably isometric—S peis- 
kobalt (Eisen-K obaltkies)—but described as spheroidal radiating, is another analysis 
of material whose structure points to its nonisometric character. Analysis 126 is of 
material from Markirch called Speiskobali by Diirr (1907) and credited by him to 
Carriere (Voltz, 1828). The obscure volume on Alsace containing this analysis 
could not be located. No description of the material accompanies Diirr’s mention 
of the analysis. On the basis of its low arsenic ratio and the prevalence of “‘ortho- 
thombic” arsenides in specimens from this locality, it is believed to be an analysis 
of safflorite rather than an isometric material. ‘Orthorhombic” cobalt-iron ar- 
senides were not yet recognized in 1828. Analysis 173 was made on material from 
Prairie City, Oregon, described as smaltite, with an acicular and columnar structure. 
The arsenide from this locality proves to be safflorite; no isometric arsenide has been 
observed on several specimens examined in the present investigation. Analysis 170 
(Gunnison Co., Colorado) was made on material described as massive smaltite. 
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The author offers no evidence of crystallization. The low arsenic ratio and the 
cobalt-iron-low nickel content suggest that it is safflorite. There is a typographical] 
error in the original paper. The total is given as 98.89, but the figures add up to 
only 94.89. Dana (1883) believed the error to be in the cobalt and increased this to 
15.59, but later (1892) he assigned the error to iron and raised that to 15.99. Analy- 
sis 188 was made on material from Andahuaylas, Peru, called esmaltina ferriferg 
but described as having a radial fibrous structure which points to a nonisometrie 
crystallization. These 6 analyses are believed to represent nonisometric material, 
They show strikingly the tendency in the period prior to the introduction of the 
reflecting microscope to call any material smaltite which did not exhibit recognizable 
or measurable “orthorhombic” crystals. Microscopic and x-ray examination of arsen- 
ides exhibiting such nodular, radiating, and fibrous structures show that they areal 
most always nonisometric. Analyses 65, 134,and 160have been rejected as unreliable 
and are represented by circles on Plate 4. Analysis 65, made on Weisser Speiskobalt 
in 1813, is an unreliable analysis with an arsenic ratio of 3.22. Analysis 160, ab 
though described as that of loellingite, was said to contain 35 per cent safflorite 
and other impurities. It has been rejected on the basis of excessive inhomogeneity, 
Analysis 134 was made on material from Badeni-Ungureni, Romania. Such mate. . 
rial from this locality was later described by Poni (1900; 1901) as Badenite which, 
on the basis of microscopic work by Petrulian (1936), was shown to be an intimate 
mixture of several minerals. 

Two “orthorhombic” arsenides occur in the high-cobalt isometric area just outside 
the safflorite boundary. Analysis 63, considered to be that of an orthorhombic 
material Arsenkobalieisen by the analyst, and another, 106, alleged to be isometric 
Grauer Speiskobalt by the original author but having a specific gravity of 7.131, are 
both accepted as safflorite. As already pointed out, the boundary of the safflorite 
area has not been made to include them. The exact location of this boundary at the 
high cobalt end is open to question. However, these two “orthorhombic” arsenides 
lie near the boundary as drawn and were described as intimately intergrown with 
Speiskobalt in the case of No. 63 and with cobaltite in the case of No. 106, partly 
accounting for their high cobalt content. If the cobalt ratio of the ‘‘orthorhombic” 
component in each case were known, the symbol would move toward the iron end of 
the diagram, bringing them both closer to, if not within, the boundary as drawn. 


Bearing of the data from published analyses on the problem of cobalt-nickel-tron 
ratio in the isometric and “orthorhombic” series——The evidence from published 
analyses points clearly to the limited character of the isomorphism between the 
three metals in both the isometric and ‘“‘orthorhombic’”’ series, and furthermore, the 
two series appear to be essentially complementary in this respect. The isomorphism 
in the “orthorhombic” series is not only limited but is discontinuous as well. Not 
isometric analyses are restricted to two completely separated areas, centered me 
spectively about the iron and nickel corners of the diagram. 

Only 11 of the 163 analyzed specimens whose crystallization is accepted fall beyond 
the limits of the appropriate area. The anomalous positions of 9 of these are die 
to the presence of mechanically admixed impurities whose presence is admitted by 
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IN OF METAL-ARSENIC RATIO TO COBALT-NICKEL-IRON RATIO 


after eliminating gangue, silver, and bismuth, on the assumption that the last two are present as 
ments, Sulphur and antimony when present have been grouped with arsenic in the computation of 
se copper and other metals have been included in the metal totals. 
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the original author, or is rendered reasonably certain from other data. The re- 
maining two, No. 43, Rammelsberg (1873) and No. 131, Rammelsberg (1849), are 
ynaccompanied by any data on homogeneity, hence their apparent anomalous 
position cannot be explained for lack of evidence. 


RELATION BETWEEN ‘METAL-ARSENIC RATIO, COBALT-NICKEL-IRON RATIO AND CRYSTALLIZA- 
TION AS SHOWN BY PUBLISHED ANALYSES 

General statement.—If the arsenic ratios of specimens, for which published analyses 
exist, are considered in relation to the ratio of the three metals, a correlation between 
metal-arsenic ratio, cobalt-nickel-iron content, and crystal system is apparent. 
Specimens high in cobalt and those containing appreciable amounts of nickel, or 
nickel and iron in addition to cobalt tend to be isometric and have metal-arsenic 
ratios well above R:Ase, often approaching closely R:Ass, whereas those high in 
nickel or high in iron and the iron-cobalt-low nickel members tend to be “ortho- 
thombic” and have a metal-arsenic ratio close to, or below, R: Aso. 

A triangular diagram (PI. 5) shows the relation of arsenic content to cobalt-nickel- 
iron ratio. Comparison of this diagram with Plates 3 and 4 will show the relation 
of arsenic ratio to crystallization. The position of each symbol on these diagrams 
is based on the cobalt-nickel-iron ratio of the analysis. A series of circular symbols 
have been used on Plate 5, representing five ranges of metal-arsenic ratios. The 
intervals selected are irregular. The metal-arsenic ratios of the published analyses 
of both isometric and “orthorhombic” materials vary from 1.12 to 3.68. As the 
recognized minerals are considered to be either diarsenides or triarsenides, the 
relation of the arsenic ratios to the values R: As; and R: As; are of particular interest. 
Only four analyses exceed R:Ass, and comparatively few reach it. All those with 
a metal-arsenic ratio greater than 2.50 are represented by a solid black circle. A 
half black circle has been allotted to the range (1.75 to 2.10), which includes most 
of the “orthorhombic”’ diarsenides. The range (2.10—2.50) is shown by a three- 
‘quarter black circle. Most of the materials in the two groups above the 2.10 ratio 
are isometric. The analyses with very low arsenic ratios have been divided into 
two groups. The larger of these covers the range (1.50-1.75) and is shown by a 
quarter black circle. An open circle represents the few remaining analyses with 
exceptionally low metal-arsenic ratios (below 1.50). The diagram is divided into 
three areas on the basis of crystallization. Since each area is assumed to be re- 
stricted to either isometric triarsenides or “orthorhombic” diarsenides, any con- 
siderable deviation in arsenic ratio from that proper for a given area requires ex- 
planation. Analyses whose arsenic ratios deviate widely from the two theoretical 
values, R: Asp and R:Ass, are discussed below. 

Plates 3, 4, and 5, Tables 8, 9, and 10, and the preceding section on cobalt-nickel- 
iron ratios supplement the following detailed discussion. Table 10 summarizes 
the distribution of the analyses shown in Plate 5. It contains, in addition, a tabula- 
tion of average metal-arsenic ratios which have been calculated for each mineral 
group. The predominance of high arsenic ratios in the isometric areas and of 
diarsenide or lower ratios in the “orthorhombic” ones tends to confirm the essen- 
tially complementary relationship of these two groups. 
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crystallization and metal-arsenic ratio of the higher arsenides of 





cobalt, nickel and iron as shown by published analyses 
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Arsenic ratios of the isometric arsenides—(skutterudite).—This area is regarded as | 


one of isometric triarsenides, hence the presence within it of minerals with unusually 
low metal-arsenic ratios calls for explanation. The almost universal inhomogeneity 
of the isometric arsenides revelaed by the present study and the observations of 
others makes it almost certain that the arsenic ratio of most analyses of isometric 
triarsenides will fall below the R:Ass ratio due to mechanical inhomogeneity in 
volving “orthorhombic” diarsenides, niccolite, and other minerals. Possibly 
substitution of metal for arsenic is a factor affecting variations in the metal-arsenit 
ratio, although no evidence for this was secured in the present study. For this 
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reason no attempt will be made to account for the arsenic deficiency of analyses in the 
jometric areas with a ratio appreciably higher than R: Asp (above 2.10). 

The great majority of the 74 specimens represented in this area are isometric 
arsenides with a high arsenic content; the average metal-arsenic ratio is 2.38. Elim- 
ination of the 8 analyses believed to represent “orthorhombic” material and the 5 
rejected as unreliable provides a revised ratio of 2.48 for those accepted as isometric. 
If the separate subdivisions are considered, the cobalt-rich area is found to have an 
average arsenic ratio of 2.53, the nickel-rich area 2.37, and the iron-rich area 2.59. 
The last named contains only a single, questionable analysis so that this value has 
little significance. Inclusion of the 3 analyses accepted as isometric, but occurring 
in the adjacent “orthorhombic” area, does not change this ratio for all accepted 
isometric arsenides. The accepted isometric members have an average arsenic 
ratio (2.48), well above R: As», in spite of widespread inhomogeneity of the analyzed 
material, recognized by the analyst in many cases, and almost certainly present in 
others. There is no valid evidence for an isometric diarsenide series. The average 
arsenic ratio of the isometric components in analyzed materials is appreciably above 
2.50. Furthermore, there is little evidence of extreme variability in arsenic ratio. 
The 3 analyses with an arsenic ratio greater than R: As; were all made prior to 1856, 
and one of these has been rejected as unreliable. Six of the 19 analyses in the 
isometric area having an arsenic ratio lower tha 2.10 represent “orthorhombic” 
arsenides. Four have been rejected as unreliable, leaving 9 accepted as isometric. 
Five of these are accompanied by data indicating that the material used was in- 
homogeneous, and 3 others made prior to 1880 are unaccompanied by any data on 
homogeneity. Thus, only a single analysis with an arsenic ratio lower than 2.10 
(No. 36) deserves serious consideration as evidence of widespread substitution of 
metal for arsenic to explain the extreme variation in metal-arsenic ratio shown by 
published analyses. 

Thirty-seven of the 46 analyses in the (cobaltian) skutterudite area have an 
arsenic ratio greater than 2.10, 30 above 2.50, and 3 above 3.00; the average is 2.48. 
Forty-three of the materials used in these analyses were regarded as isometric by the 
original authors; 1 was considered orthorhombic, and 2 were unaccompanied by any 
reference to crystallization. Forty-one of the 46 have been accepted on the basis 
of the present study as definitely or probably isometric with an average arsenic 
ratio of 2.53. Two are believed to be “orthorhombic”, and 3 have been rejected as 
unreliable. As no analyses in the adjacent nonisometric area are accepted as 
isometric, the ratio for all accepted cobalt-rich isometric arsenides is 2.53. 

Nine of the 46 analyses in the cobalt-rich isometric area have a metal-arsenic 
ratio below 2.10 as follows: 


Number of 

analysis Date As ratio Remarks 
106 1839 1.97 “ortho” 
180 1855 1.86 no data 
63 1868 1.81 “ortho” 
64 1881 1.81 inhomo. 
56 ’ 1853 1.72 no data 

1 1810 1.49 reject 

36 1930 1.43 (?) 
135 1886 1.43 reject 


183 
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The low arsenic ratios of some of these can be accounted for. Analyses 63 and 10% 
are almost certainly those of “orthorhombic” diarsenides which accounts for their 
low metal-arsenic ratios. Analysis 64 was made on inhomogeneous material cop. 
taining chalcopyrite which could account in part for the low arsenic ratio. Analyses 
56, 180, and 183 were made on material accompanied by descriptions containing no 
data on homogeneity or explanation for the low arsenic content. Analyses 1 and 13 
have been rejected because of very questionable reliability. There remains a single 
analysis, one of smaltite from Schneeberg (No. 36). Although made by Fahey 
(Short, 1930) on material described as homogeneous and isometric on the basis of 
microscopic examination, it has one of the lowest metal-arsenic ratios reported for 
an isometric arsenide (1.43). Through Dr. Charles F. Park, Short’s original surfag 
(U. S. N. M. No. 4564) (U. S. G. S. Ref. 259) was made available. This has been 
re-examined by both x-ray and reflecting microscope methods in the present study 
and was found to be slightly inhomogeneous. The constitutent present in addition 
to the isometric arsenide appears to be a cobaltian loellingite. However, the in 
homogeneity (in the surface examined) is insufficient to account for the excessive 
arsenic deficiency shown by the analysis. Mr. Edward P. Henderson of the U.§, 
National Museum reports that the original specimen cannot be located. As thisis 
the only modern analysis of an isometric arsenide providing an arsenic ratio lower 
that R:As», the material should be carefully examined for homogeneity and re 
analyzed. Two of the 9 analyses with an arsenic ratio below 2.10 owe their low 
arsenic content to orthorhombic crystallization. Two have been rejected as m 
reliable. The material used in No. 64 was described as inhomogeneous, and that 
used in No. 36 although described as homogeneous was found to carry inclusions of 


a diarsenide. Three analyses lack data accounting for the low ratio. The home 

geneity of all specimens is under suspicion since, with the exception of No. 36, the 

analyses were made prior to 1881 on material not examined by microscopic methods, 
Three analyses with an arsenic ratio above 3.00 occur in this area: 


Number of 
analysis Date As ratio Remarks 


2 1826 3.68 Reject 
98 1838 3.14 (2) 
47 1856 3.02 ~ 


The deviation of No. 47 is too slight to justify consideration. Analysis 2 has been 
rejected as unreliable. The data in the description of 98 do not suggest an explam- 
tion of the excessive arsenic content, but the date of the analysis casts doubt on its 
reliability. No isometric arsenides analyzed since 1856 have provided arsenic 
ratios above 3.00. 

The nickelian skutterudite area contains the analyses of 22 specimens with a 
average arsenic ratio of 2.30, well above R:Aso. Sixteen of the 22 have a ratio 
above 2.10, 9a ratio above 2.50, leaving only 6 with a ratio lower than 2.10 and nom 
above 3.00. Nineteen of the 22 were regarded as isometric by the original authors, 
and the same number are accepted as isometric. Two (Nos. 159 and 165) ar 
believed to be “orthorhombic”, and one (No. 79) has been rejected as unreliable. 
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All six specimens with an arsenic ratio below 2.10 can be accounted for either on 
the basis of their being orthorhombic diarsenides whose location within this area 
can be explained, or as due to inhomogeneity rendering the analyses of low relia- 
bility. If these six analyses are eliminated the recalculated arsenic ratio becomes 
2.37 compared with a ratio of 2.30 for the group as a whole. The evidence from 
published analyses points to the isometric, high arsenic, character of the minerals 
inthis area. If analyses (29-32), 43, and 131, accepted as isometric but occurring 
in the adjacent orthorhombic area, are included, the average arsenic ratio for all 
accepted nickelian skutterudites is 2.39. Six analyses with an arsenic ratio lower 
than 2.10 occur in this area. 


Number of 
Analysis Date Remarks 


159 1925 J “ortho” 
79 1861 ; reject 
(116-117) 1850 ’ inhomo. 
141 1916 . inhomo. 
54 1853 J inhomo. 
55 1853 1,12 inhomo. 


Analysis No. 159 was made on an “orthorhombic” arsenide. Two analyses, Nos. 
54 and 55, claimed to have been made on the same material, clearly demonstrate 
the inhomogeneity of the sample since they exhibit great variation both in the ratio 
of the three metals and in the metal-arsenic ratio. Consequently, their arsenic 
ratios are of little significance. Analysis No. 79 is a rejected analysis of material 
described by the original author as consisting largely of niccolite, which accounts 
for its low arsenic content. Analyses 116 and 117 are of questionable merit. The 
material used was admittedly inhomogeneous, and there is apparent uncertainty 

_ as to the nature of the inhomogeneity; it is described as chalcopyrite in one place 
(Foeterle, 1850) and bornite in another (Lowe, 1862). The material used for analysis 
141 was described by the original author as inhomogeneous consisting of no less 
than four minerals. 

The ferrian skutterudite area is one of limited extent and few analyses. According 
to the original authors, 3 of the 6 analyses were made on isometric material, 2 on 
orthorhombic. The one remaining, No. 137, was made on material called minerale 
bianca argentina, and the description carries no data on crystallization. One (No. 
136) is accepted as isometric, and No. 137 has been rejected as unreliable. Analyses 
120, 175, 176, and 177 are accepted as representing mixtures consisting principally 
of orthorhombic diarsenides with lesser amounts of isometric sulpharsenides and 
niccolite, accounting for the low arsenic ratio. The niccolite and cobalt-nickel 
sulpharsenide components give a fictitious high nickel ratio to the analyses, placing 
them in the isometric area. The average arsenic ratios for this group are of little 
significance. The low ratio of 2.01 for all analyses in the area is due to the predom- 
inance of orthorhombic members. When these are eliminated, the ratio of the 
remaining specimen in this area accepted as isometric is 2.59. As there are no 
arsenides in the adjacent “orthorhombic” areas accepted as isometric, this analysis 
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remains the only example of an accepted ferrian skutterudite. The arsenic ratigs 
of four analyses in this group fall below 2.10: 


Number of 
Analysis Daie As ratio Remarks 


120 1832 1.74 “ortho” 
175 1844 4.71 “ortho” 
176 1854 2.01 “ortho” 
137 1894 1.72 reject 


The low arsenic ratio of the first three is accounted for by the orthorhombic character 
of the material. Analysis 137 has been rejected as unreliable. 


Arsenic ratios of the “orthorhombic” arsenides.—Two separate groups of “ortho. 
rhombic” arsenides centering about the nickel and iron corners of the diagram appear 
to exist in nature. The data on metal-arsenic variations among the “orthorhombic” 
arsenides is summarized, and the presence of analyses with metal-arsenic ratios 
appreciably greater than R: As; in the “orthorhombic” area is accounted for in most 
instances. The average arsenic ratio for all 99 analyses within the “orthorhombic” 
areas is 1.89. A revised ratio of 1.87 is obtained for the 91 accepted as “orthorhom- 
bic” in the present study. If consideration is given to the 8 “orthorhombic” ar. 
senides whose analyses fall outside the limits for this group, the average arsenic 
ratio for all accepted “orthorhombic” arsenides is 1.88. The average arsenic ratio 
for the 77 analyses in the iron-bearing ‘“‘orthorhombic”’ area is 1.87. A revised ratio 
of 1.86 is obtained for the 72 accepted as “orthorhombic”. The average arsenic 
ratio for all 79 accepted iron-bearing “orthorhombic” arsenides, including the 6 
lying beyond the limits for this group, is 1.87. The average ratio for the 22 anal- 
yses in the nickel-rich “orthorhombic” area is 1.96 and for the 18 accepted as “or- 
thorhombic’”’ in this area, 1.91. If the analyses of the 2 accepted as ‘“‘orthorhombic” 
but lying within the adjacent isometric area are included, an arsenic ratio for all 
nickel-rich orthorhombic arsenides of 1.92 is obtained. Clearly the areas outlined 
as “orthorhombic” on the triangular diagrams are predominantly occupied by “or 
thorhombic” minerals whose average arsenic ratios are just below that required 
for the composition R:As2. Ninety-two of the 98 analyses have an arsenic ratio 


below 2.10. 


The present study is not concerned with the problem of arsenic deficiency in | 


the “orthorhombic” group. In the case of loellingite and safflorite, true arsenic 
deficiency apparently exists since there is no known lower arsenide of cobalt or iron 
occurring in nature whose presence could account for the low arsenic ratios. Arsenic 
deficiency in nickel-bearing members is always open to question unless the absence 
of niccolite or maucherite has been established by microscopic or x-ray methods. 

Evidence from published analyses indicates a clear relation between arsenic ratio, 
the ratio of the three metals, and crystallization. The high cobalt members and those 
containing nickel or nickel and iron in addition to cobalt have an arsenic ratio aver 
aging well over R: As; and are isometric, whereas the high nickel, high iron, and the 
iron-cobalt members have an average arsenic ratio of R:As2 or lower and are pre 
dominantly “orthorhombic”. This confirms the view that the substitution among 
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the three metals in the isometric and “orthorhombic” arsenide series is limited 
and that the two groups are complementary. 

HicH-NIcKEL “ORTHORHOMBIC” ARSENIDES (RAMMELSBERGITE AND PARARAM- 
MELSBERGITE): Arsenides high in nickel are essentially diarsenides; 16 of the 22 lie in 
the range 1.75-2.10, and the average arsenic ratio is 1.96. Only 4 analyses in this 
group have an arsenic ratio above 2.10. Since it is contended that the high-nickel 
area is one of orthorhombic diarsenides, an explanation is required for the presence 
here of specimens deviating appreciably from this composition or claimed to be iso- 
metric. Analyses (19, 29-32, 43, 51, 70-71, 139, and 162) were made on material 
claimed to be isometric. Five are believed to represent orthorhombic material when 
all available data are considered. If the rejected analysis No. 10 and the 3 accepted 
as isometric are eliminated, the metal-arsenic ratio for the remaining 18 analyses 
accepted as definitely or probably orthorhombic is 1.91. The arsenic ratio for all 20 
accepted high-nickel orthorhombic arsenides including the two in the adjacent iso- 
metric area is 1.92. Four analyses in this group have an arsenic ratio above 2.10 and 
two fall below 1.75 as follows: 


Number of 
Analysis Date As ratio Remarks 


10 1854 1.32 reject 
186 1879 1.32 no data 
29-32 1886 2.62 iso. 
131 1849 2.32 iso. 
43 1873 2.53 iso. 
162 1932 2.15 inhomo. 


Of the 2 analyses falling below the 1.75 ratio, No. 10 has been rejected as unreliable, 
and No. 186 dated 1879 is not accompanied by any data on homogeneity. Analysis 
162 probably represents a mixture of isometric and orthorhombic arsenides. The 
three remaining analyses with an arsenic ratio above 2.10 are accepted as isometric 
and except for analysis (29-32) made on material containing niccolite, their positions 
in this area cannot be explained on the basis of available data. The dates of 
these analyses and the absence of data on homogeneity render them of questionable 
value. 

IRON-BEARING “ORTHORHOMBIC” ARSENIDES (LOELLINGITE AND SAFFLORITE): 
This area is separated from the high-nickel orthorhombic one just described. It has 
been subdivided into an iron-rich orthorhombic (loellingite) area and an iron-cobalt, 
monoclinic (safflorite) area. The loellingite group is subdivided into (1) (ferrian) 
loellingite, (2) cobaltian loellingite, and (3) nickelian loellingite. This is essentially 
an area of ‘“‘orthorhombic” diarsenides, the arsenic ratio in practically all cases being 
at or below R: Ase. 

Of the 51 specimens in the ferrian loellingite area, 44 are pure iron arsenides con- 
taining neither cobalt nor nickel. Only 12 exceed the R:As: ratio and only one, 
No. 187, has an arsenic ratio grater than 2.10. Fourteen have an arsenic ratio 
lower than 1.75. If (114-115), rejected as unreliable, is eliminated, the arsenic 
ratio of the remaining 50 accepted as orthorhombic is 1.86. Since the boundaries 
of this area are purely arbitrary and adjoin other orthorhombic areas, there are no 
outlying members of the group; hence the average arsenic ratio for all ferrian loel- 














374 R. J. HOLMES-—HIGHER MINERAL ARSENIDES 


lingite analyses is the same as above (1.86) Fourteen analyses in this area fal] 
below the 1.75 limit, and one lies in the range above 2.10. 


Number of 
Analysis Date As Ratio 
187 1866 2.46 
42 1856 1.39 
75 1837 1.65 
77 1854 1.38 
78 1861 1.74 
86 1832 1.61 
87 1840 1.65 
88 1852 1.61 
89 1870 1.65 
90 1870 1.59 
110 1921 1.74 
124 1864 1.64 
125 1869 1.31 
174C 1928 1.67 
193 1942 1.69 


Only a single analysis, No. 187, has an arsenic ratio above 2.10, and this is an inferior 
analysis published by Breithaupt (1866) apparently on inhomogeneous material 
carrying 7.01 per cent sulphur. The description of the analyzed material offers 
no explanation for the high arsenic or high sulphur content. 

The nickelian loellingite area is the smallest subdivision of the iron-bearing “or- 
thorhombic”’ arsenides; it contains only three analyses, all claimed to represent or- 
thorhombic material—and accepted as such. The average arsenic ratio for the 
three specimens in this area is 1.85. Four analyses, Nos. 120, 175, 176, and 177, 
lying just outside this area, are probably “orthorhombic” and belong in this group. 
If they are included, an arsenic ratio of 1.90, for all accepted nickelian loellingites, 
is obtained. Analysis 129 has an arsenic ratio below 1.75 which may be due to 
inhomogeneity involving a lower arsenide of nickel as suggested by the author. 

The seven analyses in the cobaltian loellingite area were described as orthorhombic 
and are so regarded here. In all cases, the arsenic ratios lie in the 1.75—2.10 range; 
the average is 1.97. Since all the analyses in this area are accepted as orthorhombic, 
and since there are no analyses in the adjacent isometric area believed to be those of 
cobaltian loellingite, 1.97 is the average arsenic ratio for all accepted cobaltian loel- 
lingites. Sixteen analyses occur within the area, which comprises the iron-cobalt- 
low nickel arsenides of the safflorite type. Thirteen of the 16 have been accepted 
as definitely or probably “orthorhombic”. The average metal-arsenic ratio is 
1.88 with only 3 greater than 2.00 and only 1, No. 65, above 2.10. Seven of the 16 
analyses in this area were called isometric by the original authors, but no supporting 
evidence was offered. When reviewed in the light of the published descriptions and 
other data, 6 of the 7 are found to be “orthorhombic” rather than isometric, and the 
seventh, No. 65, has been rejected as unreliable. The average arsenic ratio for all 
analyses in the safflorite area is 1.88. If the 3 rejected analyses are eliminated, the 
arsenic ratio of the accepted “orthorhombic” arsenides in this area is 1.82. If the 
two “orthorhombic” arsenides in the adjacent isometric area, Nos. 63 and 106, are 
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all included, the arsenic ratio for all safflorites is 1.83. Evidence from published anal- 

| yses confirms the nonisometric diarsenide character of the iron-cobalt-low nickel 

arsenides. Analyses with arsenic ratios outside the 1.75-2.10 range as follows: 
Number of 


Analysis Date As Ratio 
65 1813 3.22 
134 1886 1.17 
6 1852 1.50 
67 1873 1.45 
126 1828 1.73 


The only analysis with an arsenic ratio above 2.10 is No. 65 which has been rejected 
along with two others in this area, Nos. 134 and 160. Four analyses have unusually 
low arsenic ratios, Nos. 6, 67, 126, and 134; No. 134 has been rejected as unreliable. 
The remaining three have been accepted as safflorites. As pointed out earlier no 
attempt is made to account for arsenic deficiency in the “orthorhombic” arsenides. 


NOMENCLATURE OF THE HIGHER ARSENIDES OF COBALT-NICKEL AND IRON 


HISTORICAL BACKGROUND 
re The history of the classification and nomenclature of these minerals has been 
amply treated by Hintze (1904) and will be given only sufficient consideration here 


" to provide a background for the changes proposed. 

We During the first quarter of the nineteenth century the composition and relations 
“ of the members of this group were very poorly understood. They were not only 
the confused with each other, but were not clearly separated from related minerals 
7 such as arsenopyrite and cobaltite. At the end of this period only two distinct 
me higher arsenides were recognized, an isometric cobalt diarsenide, Speiskobalt, and 
ee" an orthorhombic iron diarsenide, Arsenikeisen. These are the materials later re- 
7 po _ ferred to as smaltite (smaltine, Beudant, 1832) and loellingite (Léllingit, Haidinger, 


1845) or leucopyrite, Shepard, 1835). 
bic During the second quarter of the century it was shown that the minerals of this 
group were more numerous and their relations more complex than earlier workers 


a had realized. Hoffmann (1832) and Booth (1835) analyzed nickel diarsenides from 
a Schneeberg and Riechelsdorf, respectively, which proved to be essentially cobalt 
on free. Booth believed his material to be a nickel equivalent of the isometric cobalt 
alt- diarsenide, Speiskobalt (smaltite) and called it deutarseniuret of nickel. Hoffmann 


i 
ted gave no indication of the crystallization and assigned his material the noncommittal | 
is name Arsenik-Nickel. Breithaupt (1835) recognized the orthorhombic character | 
16 of an iron-cobalt arsenide which he called Safforit. In 1845 Breithaupt, who had 
4 earlier suspected the rhombic nature of certain high-nickel specimens stated clearly 4 
a his belief in the dimorphism of NiAse, a view rigidly adhered to ever since. He 
ce assigned the name Chloanthit to the isometric nickel equivalent of Speiskobalt (smal- 
all tite) and Weissnickelkies to the orthorhombic form (present rammelsbergite). Al- 
most simultaneously Haidinger (1845) who had not yet recognized orthorhombic | 4 
nickel arsenides proposed the name Rammelsbergit for the isometric nickel equivalent 
of Speiskobalt (Breithaupt’s Chloanthit). In an appendix (Haidinger, 1845) the 
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priority of Breithaupt’s Chloanthit is recognized, but Haidinger proposed that it be 
reassigned to the orthorhombic member retaining his name, Rammelsbergit, honoring 
the mineral chemist, C. F. Rammelsberg, for the isometric one. This proposal 
resulted in widespread confusion which is traceable throughout the latter part of 
the nineteenth century. Dana (1854) reversed Haidinger’s terms using chloanthite 
for the isometric and rammelsbergite for the orthorhombic member, and this nomen- 
clature has been consistently followed in recent times. This complex stage in the 
history of the nomenclature of the nickel arsenides can be best understood by refer- 
ence to the following tabulation: 





aaa = 


Crystal System Breithaupt (1845) Haidinger (1845) aciead Dana (1854) 





Isometric Chloanthite Rammelsbergite 





|Rammelsbergite | Chloanthite 
| 
Chloanthite | 


| 
Orthorhombic Weissnickelkies — Rammelsbergite 





By the middle of the nineteenth century two isometric and four orthorhombic 
diarsenides had been recognized, The isometric cobalt diarsenide (smaltite) and 
its nickel equivalent (chloanthite) seemed well established, but no corresponding 
isometric iron diarsenide had yet been reported. The orthorhombic members, 
rammelsbergite, loellingite, and safflorite, had been recognized and described as 
nickel, iron, and iron-cobalt diarsenides, respectively. In addition, an iron-nickel- 
low cobalt diarsenide had been described as orthorhombic by Shepard (1844) and 
called chathamite. Breithaupt recognized therhombic character of safflorite as early 
has 1835, and others confirmed this during the middle of the century. Dana stead- 
fastly considered it to be an isometric iron-bearing smaltite. However it is accepted 
as a distinct orthorhombic mineral in the sixth edition of the System of Mineralogy 
(Dana E. S., 1892). He likewise never recognized the rhombic character of Shepard’s 
chathamite which is still generally regarded as isometric, on the strength of Dana’s 
authority. Although Breithaupt emphasized the “‘iron-cobalt” character of his 
Safflorit and no orthorhombic arsenide of even approximately pure cobalt composition 
has ever been reported, mineralogists extended the name safflorite to include a theo 
retical purecobalt orthorhombicdiarsenide. Thisviewhaspersisted until the present 
as a glance at most mineralogical works, including the new seventh edition of Dana’s 
system (Palache, Berman, and Frondel, 1944) will show. Hence by the middle 
of the nineteenth century unlimited isomorphism among the three metals in the 
orthorhombic series had been widely accepted, and names had been assigned to what 
were believed to be the three end members. An isometric iron diarsenide was not 
reported until well into the twentieth century. With the discovery of an alleged 
iron end member (arsenoferrite) of the isometric series (Baumhauer, 1912), the 
existence of a dual series of diarsenides appeared to have been established—one 
isometric (smaltite, chloanthite, arsenoferrite), and another orthorhombic (saf- 
florite, rammelsbergite, loellingite). Each series was assumed to exhibit unlimited 
isomorphous substitution between cobalt, nickel, and iron. 
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The picture is complicated further as a result of the recognition of Tesseralkies 
from Skutterud, Norway (Breithaupt, 1827), as distinct from Speiskobalt (smaltite). 
Scheerer (1837) established this material as an isometric cobalt triarsenide, naming 
it Arsenikkobaltkies; later it was called Skutterudit by Haidinger (1845). Toward 
the end of the century a nickel-rich triarsenide was described by Waller and Moses 
(1892) as nickel-skutterudite. Since this contained considerable iron as well as 
nickel and cobalt, the isometric triarsenide series appeared to offer another example 
of unlimited isomorphous substitution. No claim has ever been made for the ex- 
jstence of an essentially pure isometric iron triarsenide, although such terms as 
“ferriferous skutterudite (Short, 1940), imply extensive if not unlimited isomorphism. 

Since comparatively few analyses of isometric arsenides reach the R: As; ratio, 
skutterudites (prior to the advent of x-ray methods) were relegated to an inferior 
position. They were usually regarded as arsenic-rich smaltite-chloanthites. Of- 
tedal (1926; 1928) in a detailed x-ray study, established the structural identity 
of smaltite, chloanthite, and skutterudite and demonstrated that the structural 
composition of all three is R:As; (skutterudite). However, mineralogists have 
been reluctant to recognize skutterudite fully. Even in the new edition of Dana 
where the name skutterudite is assigned to the entire group of isometric arsenides, 
the old terms smaltite, chloanthite, and arsenoferrite are retained, but the iron 
diarsenide is here considered to be entirely unrelated to this group. Added com- 
plications are involved in the recognition of an additional orthorhombic diar- 
senide of nickel, pararammelsbergite (Peacock, 1940) and the determination of mono- 
clinic symmetry for safflorite (Peacock, 1944). 

Many other names have been proposed for higher arsenides of this group which 
later work has shown to be either of doubtful validity or merely varieties of those 
already mentioned. The prevailing classification and nomenclature of the higher 
arsenides, is summarized in Table 1 and compared with the revised nomenclature 
proposed on the basis of the present study. 


NOMENCLATURE OF THE ISOMETRIC ARSENIDES (SKUTTERUDITE) 


The nomenclature of the isometric arsenides has been complicated by a long- 
held belief in the existence of a dual series, one of diarsenides (smaltite, chloanthite, 
arsenoferrite) and another of triarsenides (skutterudite, nickel-skutterudite, ‘iron 
skutterudite”). The available data on both natural and synthetic material does 
not support belief in a series of isometric diarsenides of these elements; it establishes 
the isometric members as essentially triarsenides. This confirms the crystal-struc- 
ture studies of Oftedal who found that the diffraction data indicated a space group 
incompatible with a structural composition, R:As:. All isometric arsenides of these 
elements both natural and synthetic observed in the present study gave diffraction 
patterns of the skutterudite type, hence only a single structure type is involved 
whose structural formula has been established as R: Ass (Oftedal, 1926; 1928). Thus, 
it does not matter how the metal-arsenic ratio varies. Deviations from the theo- 
retical arsenic ratio R:Ass, shown by published analyses are a consequence either 
of mechanical inhomogeneity or isomorphous substitution of some sort. In either 
case the essential character of the mineral is unchanged, remaining fundamentally 
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a triarsenide of the skutterudite type. Hence all these materials should be regarded 
as skutterudites regardless of variations in arsenic content. 

A nomenclature based on arsenic variation confuses the relationships of what is 

actually a comparatively simple group. Quantitative analysis alone can establish 
the arsenic content since the metal-arsenic ratio apparently does not appreciably 
affect the optical or x-ray diffraction behavior of the isometric arsenides. Further- 
more, analyses are significant only when material of established homogeneity is 
available. Arsenic variations should not be considered as a factor in establishing 
a system of classification and nomenclature for the isometric arsenide series since, 
in most cases, it remains an extremely uncertain or even unknown value, and the 
available evidence indicates that the deviation from the theoretical R: Ass; ratio is 
much less than the published analyses would suggest. On the other hand the meas- 
urable effect that variations in the ratio of the three metals have on the lattice con- 
stants makes it possible to determine, without quantitative analyses, and in spite 
of the widespread inhomogeneity of the material, the approximate cobalt-nickel- 
iron ratio of an unknown sample in order to classify it according to the system pro- 
posed. 
Study of a large number of specimens combined with experiments in synthesis 
and a critical review of published analyses indicates that much of the alleged arsenic 
deficiency of the isometric arsenides is due to mechanical inhomogeneity. Whether 
or not the arsenic variation shown by published analyses is due entirely to inhomo- 
geneity or in part to metal for arsenic substitution, the retention of the names (smal- 
tite, chloanthite, and arsenoferrite) seems inadvisable. They have long been 
associated with alleged isometric diarsenides. Since the nonexistence of an iso- 
metric diarsenide series seems well established, neither the retention of these names 
with their present meanings nor the redifinition of them serves a useful purpose; 
their retention confuses the nomenclature. 

For more than a century the name skutterudite has been associated with the iso- 
metric triarsenide of cobalt, and is named after the type locality for this min- 
eral. The triarsenide of cobalt is the most firmly established, and the only mono- 
metallic end member of the isometric series known to exist in nature and the only 
one produced artifically. Appropriately, therefore, this name should be retained 
for the entire isometric arsenide group. 

The isomorphism among the three metals in the isometric series is limited, but 
continuous, hence it is not possible to subdivide this group except in a purely ar- 
bitary manner. It is essentially a unit with only a single known end member, CoAsy. 
Consequently it seems unnecessary to assign special names to any portion of it. 

It is believed that a satisfactory solution to the nomenclatural difficulties of the 
isometric arsenide series is to assign the name skutterudite to the entire group as 
already proposed by Peacock and adopted in the new edition of Dana’s System. 
On the basis of cobalt-nickel-iron ratio, three subdivisions may then be recognized. 
The name skutterudite, in a restricted sense, or (cobaltian) skutterudite, preferably 
the former, would serve for the isometric arsenides in which cobalt is dominant, 
while the names nickelian skutterudite and ferrian skutterudite would apply to 
those members in which nickel and iron respectively dominate. This nomenciature 
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js structurally and chemically sound since all members of the group are essentially 
triarsenides with the skutterudite structure differing in cobalt-nickel-iron ratio. 
It has the further merit of simplicity and emphasizes the limited nature of the iso- 
morphism by suggesting the less important character of the nickel- and iron-rich 
groups. It is believed that there is little justification for the use of more than a 
single name in cases where an isomorphous series contajns only a single known end 
member. By rejecting the names (smaltite, chloanthite, arsenoferrite, and chatham- 
ite) long associated with a series of alleged isometric diarsenides, believed to be 
non-existent, and substituting the well-established name skutterudite which has at all 
times been associated with isometric triarsenides, the chemical and structural unity 
and limited character of the isomorphism of the isometric arsenide group is em- 
phasized. 

In a personal communication following the appearance of a preliminary abstract 
of the present study (Holmes, 1942), Fleischer stated objections to this proposed 
nomenclature, suggesting the use of individual names for the theoretical end members 
as follows: skutterudite-cobalt-dominant, chloanthite-nickel-dominant, and chatham- 
ite-iron-dominant. Available data on natural and artificial material provides no 
evidence for the existence of even approximately pure nickel and iron end members. 
If evidence for the existence of all three end members were at hand, the use of three 
mineral names would be advisable. Since only a single end member is known to 
exist, it is believed that the use of a single term with appropriate modifiers gives a 
clearer picture of the relations. 

If separate names were to be employed for the nickel-rich and iron-rich members, 
objections to those suggested by Fleischer exist. The term chloanthite has 
been consistently applied for approximately a century to an isometric nickel diar- 
senide, one of the minerals chiefly responsible for the present confused state of the 
nomenclature of this group. Since valid evidence for the existence of an isometric 
nickel diarsenide is lacking, it would seem that the elimination rather than redefini- 
tion of the term chloanthite is the wisest course, especially since the well-established 
name nickel skutterudite (Waller and Moses, 1892) is available for isometric arsenides 
in which nickel is dominant. The name chathamite is objectionable because 
its origin is of doubtful validity. Shepard (1844) who applied this name to 
the high iron-nickel-low cobalt arsenide from Chatham, Conn., believed the 
material to be orthorhombic and later he claimed that he had observed 
orthorhombic crystals (Shepard, 1857). Similar material from Schladming, St. 
Andreasberg, and Markirch has been considered orthorhombic by other workers 
and has been correlated with the Chatham mineral. X-ray data confirms the non- 
isometric character of the nickel-bearing iron-rich material at these localities. Dana 
insisted that the Chatham mineral was isometric although he offered no evidence 
in support of this, and on his authority it is still generally regarded as an iron-rich 
chloanthite. Since the original author used this name for an orthorhombic mineral 
whose rhombic character has been amply verified in the present study it seems 
inappropriate and confusing to retain the name for an isometric material. Fieischer 
raises the question, “If the term nickelian-skutterudite refers to the mineral with 
nickel predominating, how is one to label the mineral with Co:Ni-3:2?” If, by 
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definition, the term skutterudite (sensu stricto) or cobaltian skutterudite covers all 
isometric arsenides in which cobalt dominates, the name of a material with composi- 
tion Co: Ni-3:2 is automatically cared for. 


NOMENCLATURE OF THE “ORTHORHOMBIC” ARSENIDES 


General statement.—The limited and discontinuous character of the isomorphism 
between the three metals in the “orthorhombic” arsenide series, the reported mono- 
clinic structure of safflorite, and the presence of two orthorhombic forms of NiAy 
complicate the nomenclature of this group. The “orthorhombic” arsenides are 
confined to two isolated groups; a fairly continuous iron-bearing unit is completely 
separated from the high-nickel group. The complete separation of the two groups 
is evident in the powder x-ray diffraction effect. Patterns of rammelsbergite and 
pararammelsbergite are entirely different from those of safflorite and loellingite. 
The distinction between safflorite and loellingite, however, is difficult; even the 
diffraction patterns are very similar. 


High-nickel orthorhombic arsenides—rammelsbergite and pararammelsbergite— 
The high-nickel orthorhombic arsenides (see Plates 3 and 4) appear to have a very 
limited range of composition. The group is complicated by the presence of the 
two orthorhombic dimorphous forms of nickel diarsenide, rammelsbergite and par- 
arammelsbergite. Since most of the published analyses were made prior to 1940 
when pararammelsbergite was first differentiated from rammelsbergite, it is impos- 
sible to tell which of these is represented by the published analyses. Without x-ray 
data, the identity of the analyzed material is open to question although most of the 
specimens examined in the present study proved to be rammelsbergite. No attempt 
has been made to prepare any but the pure nickel varieties of rammelsbergite and 
pararammelsbergite, so little is known of the range of the cobalt-nickel-iron ratio 
for these minerals from the standpoint of synthesis. However, the analyses of 
natural material indicate a high nickel ratio for both. This is confirmed by contact- 
print and microchemical data in which the pararammelsbergite from Cobalt, Ontario, 
Tilt Cove, Newfoundland, Franklin, New Jersey, and Riechelsdorf in Hesse, and 
rammelsbergite from many localities all proved to be very high in nickel and low in 
cobalt and iron. 

The name rammelsbergite is retained for the orthorhombic nickel-rich diarsenide 
of common occurrence represented by the material from the type locality, Schnee- 
berg, Saxony, a locality at which pararammelsbergite has not been observed. The 
term pararammelsbergite is retained for the material described from the Canadian 
localities by Peacock and Michener (1939) and observed at three new localities 
(Franklin, New Jersey; Riechelsdorf in Hesse; and Tilt Cove, Newfoundland) in 
the present study. The extent to which cobalt and iron substitute for nickel in 
these two minerals is not known, but on the basis of published analyses and the data 
from synthesis it appears to be slight. The boundary as drawn on the triangular 
diagrams probably represents a maximum in this respect. 


Iron-bearing “orthorhombic” arsenides (loellingite and safflorite)—The high-iron 
and iron-cobalt “orthorhombic” arsenides occupy a restricted, but essentially com 
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tinuous, area in that no wedge of isometric arsenides, natural or artificial, such as 
separates this series from the high-nickel “orthorhombic” group, cuts across any 
portion of it. Both minerals were formerly regarded as orthorhombic, and the diffi- 
culties encountered in distinguishing between them because of closely similar chem- 
ical, physical, optical, and x-ray diffraction properties resulted in a growing tendency 
to refer to such material as safflorite-loellingite. Holmes (1942) suggested substitu- 
tion of the term cobaltian-loellingite for safflorite. However, the monoclinic struc- 
ture of safflorite (Peacock, 1944) requires the recognition of this mineral as a species 
distinct from loellingite. The line of demarcation between the two must be ar- 
bitrary in the absence of data on the extent to which iron can substitute for cobalt 
in safflorite without affecting the monoclinic symmetry. It is not even clear whether 
the isomorphism is continuous from the pure iron end to the composition with ap- 
proximately equal amounts of the two metals. It may be that safflorite and loel- 
lingite are two completely isolated groups. Analyses tend to cluster in the vicinity 
of the iron corner and the mid-portion of the cobalt-iron side of the diagram. How- 
ever, scattered analyses occur between these two concentrations. It is assumed here 
that substitution between the two metals in the high-iron portion of the diagram is 
continuous, and the boundary separating safflorite and loellingite has been arbi- 
trarily placed at the 70 per cent iron line. 

HicH-IRON ORTHORHOMBIC ARSENIDES-LOELLINGITE: The available evidence seems 
to favor the continuity of the entire iron-rich orthorhombic area. The group is a 
single unit exhibiting continuous, but limited, isomorphous substitution; hence 
it can be subdivided only arbitrarily. The entire group should be designated by the 
single name loellingite. The term loellingite (sensu stricto) or (ferrian) loellingite, 
preferably the former, is applicable to the members with an iron ratio greater than 
85 per cent. Varieties with an iron ratio less than 85 per cent, in which cobalt is 
dominant over nickel, can be termed cobaltian loellingite, and the corresponding 
group, in which nickel is dominant over cobalt, nickelian loellingite. 

The high-iron orthorhombic arsenides, loellingite, or (ferrian) loellingite was not 
distinguished from arsenopyrite until the latter part of the 18th century. Hintze 
(1904) credits Jameson with the separation of the iron diarsenide from the sulphar- 
senide. Jameson (1820) credited Moh with having called his attention to the essen- 
tial difference between the two. However it is clear that such a distinction was recog- 
nized approximately a half century earlier and seems to have been overlooked by later 
writers, since Kirwan (1784) distinguishes Mispickel, Speiss of the Bohemians, min- 
eralized by arsenic only (present loellingite) from white pyrites, Giftkies, Arsenic 
Stein, mineralized by sulphur and arsenic (present arsenopyrite). Many names were 
applied to materials, during the nineteenth century, which were later shown to be 
varieties of loellingite. Only one of these will be discussed here. Shepard (1835) 
applied the name leucopyrite to the common iron arsenide, and 10 years later Haid- 
inger (1845) assigned the name Léllingit to the material from Lélling in Styria. Both 
names have persisted in the literature and have caused much confusion. The marked 
arsenic deficiency of the natural iron arsenide from any localities has given rise to 
the belief that two minerals are involved. In the first four editions of Dana’s System 
of Mineralogy (1837; 1844; 1850; 1854), the term leucopyrite alone occurs, and the 
composition is said to be FeAs2. In the fifth edition (1868) both leucopyrite (FeAse) 
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and léllingite (FeAs- FeAs2) are recognized. In the appendix to the fifth edition this 
nomenclature is reversed; the term léllingite is assigned the formula FeAss, and leu- 
copyrite (FeAs-FeAsz). In the sixth edition (1892) only a single species, léllingite 
(FeAsz), is recognized ; leucoyprite is regarded asa subspecies. Belief in the existence 
of a compound or “‘molecule”’ whose arsenic content is lower than FeAs» has persisted 
up tothe present. Bauer and Berman (1928) account for the arsenic deficiency of the 
Franklin loellingite by assuming the presence of a “leucopyrite molecule”, and 
Short (1940, p. 161) places leucopyrite on an equal basis with loellingite and assigns 
it the composition Fe;As\. 

Buerger (1932) showed that the diffraction pattern of the Franklin material in- 
dicates the presence of only a single phase with a structure based on a space group 
compatible with a composition RAs:. On the basis of Buerger’s work the term 
leucopyrite has been abandoned in the new seventh edition of Dana’s System as 
representing a “nonexistent material” The data obtained in the present study 
on numerous specimens from many localities confirm Buerger’s work on the Franklin 
mineral in showing that only a single component is present, providing diffraction 
patterns in essential agreement with those of the loellingite from Franklin and the 
type locality at Lélling in Styria. From this it would seem that the deviations 
in arsenic ratio in the natural iron arsenides are a consequence of metal for arsenic 
substitution as suggested by Buerger (1934). The situation is analogous to that 
of the isometric arsenides in which it has long been assumed that two distinct min- 
erals, skutterudite (CoAs;) and smaltite (CoAs,), have existed. In both cases there 
is only a single compound involved (in each the one with higher arsenic content), 
hence there is no justification for the retention of the names applied to the materials 
with lower arsenic content whose existence as valid species is not verified by the 
available evidence. In the isometric arsenides the arsenic deficiency is in large 
part a consequence of mechanical inhomogeneity possibly further reduced by metal 
for arsenic substitution. In the case of the orthorhombic iron arsenides, metal 
for arsenic substitution must be the principal cause as no natural iron arsenide is 
known with an arsenic ratio lower than R:Ase. 

The name leucopyrite, (Shepard, 1835) has priority over loellingite (Léllingit, 
Haidinger, 1845), but the latter has been consistently applied to the orthorhombic 
diarsenide of iron for so long that less confusion would result from the retention 
of this name, in preference to leucopyrite. No evidence was obtained in the present 
study for the existence of an iron arsenide structurally different from loellingite in 
the numerous natural specimens examined. Diffraction patterns of iron arsenides 
from the various localities are essentially alike although they exhibit some variation 
which may be correlated with variations in arsenic ratio, but this has not been veri 
fied. Since the structural composition established by Buerger is FeAs:, and since 
the term loellingite has been applied to this mineral for a long period, this name alone 
should be retained. In keeping with the recommendation of the “Committee on 
Nomenclature”; the spelling loellingite rather than “léllingite” should be followed. 

The name cobaltiferous loellingite was used by Hoffman (1895) for a loellingite 
with 9.7 per cent cobalt. This term, in the form of cobaltian loellingite mod 
fied in keeping with Schaller’s suggestion concerning mineral nomenclature (Schaller, 
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1930), is used here as the name for orthorhombic arsenides with an iron ratio lower 
than 85 per cent and cobalt dominant over nickel. Six analyses fall in this area, 
and two others are practically on the loellingite-cobaltian loellingite boundary. 
The extent to which cobalt can replace iron in these orthorhombic iron-cobalt ar- 
senides without reducing the symmetry to monoclinic is not known. The boundary 
between cobaltian loellingite and safflorite has been arbitrarily placed at the 70 per 
cent iron line. 

The corresponding iron-nickel-low cobalt orthorhombic members (nickelian 
loellingite; chathamite of Shepard) are represented by few analyses. Four of the 
six analyses believed to represent this mineral group were made on material which the 
original authors considered to be orthorhombic. Two of these were called chatha- 
mite, one rammelsbergite, and one Arsenikeisen. Two additional analyses have 
been made on material from Chatham, considered to be isometric (iron-bearing 
chloanthite) by the analyst (Genth, 1854). 

Chathamite was originally described by Shepard (1844) as an orthorhombic min- 
eral distinct from the isometric smaltite-chloanthite group. Shepard (1857) reported 
orthorhombic crystals of this mineral similar in form and habit to those of arseno- 
pyrite. Nevertheless, Dana in all editions of the System refused to accept the 
Chatham mineral as orthorhombic; he consistently regarded it as an iron-bearing 
chloanthite, and it is so described in the new seventh edition. Dana’s stand appears 
to be based on Genth’s statement that the Chatham mineral was a chjoanthite. 
However, Genth admits in the original paper that the analyzed material was “mas- 
sive granular,” hence he had no basis for assuming it to be isometric rather than 
orthorhombic. Similar iron-nickel-low cobalt material has been described from 
St. Andreasberg in the Harz (Kobell 1868), Markirch in Alsace (Diirr, 1907), and 
Schladming, Styria (Hoffman, 1832) as orthorhombic, and the similarity to chatha- 
mite from Chatham, Conn., was noted in the first two cases. 

Eight specimens of chathamite from Chatham, Connecticut, were examined during 
the present study. No isometric arsenide was observed, but in each specimen the 
principal constituent was an anisotropic arsenide giving strong iron and nickel and 
weak cobalt reactions confirming Shepard’s contention that the white arsenide from 
Chatham is a nonisometric mineral. The diffraction patterns of this material are 
in agreement with eath other and are of the loellingite type. They agree with those 
of pure iron diarsenide more closely than do those of safflorite. The specimens from 
St. Andreasberg and Schladming give similar contact-print reactions and diffraction 
patterns of the same type, but differ slightly in spacing when compared with patterns 
of the Chatham material. Since the material from the type locality isnonisometric, 
as the original author contended it to be, it would seem that the name chathamite 
should be suitable for this group of orthorhombic arsenides. However, the name 
has been associated for so long with an isometric arsenide (iron-bearing chloanthite) 
that a return to its original meanng would add to confusion. Neither should the 
term chathamite be applied to an isometric arsenide since it was originally defined 
as the name of an orthorhombic material, and the nonisometric character of material 
from the type locality has been confirmed in the present study. 

The apparent continuity of the nickelian loellingite area with that of the essen- 











384 R. J. HOLMES—HIGHER MINERAL ARSENIDES 


tially pure iron diarsenides (loellingite), removes any justification for the use of a 
specific name for this group. The limits separating this group from loellingite and 
from cobaltian loellingite are purely arbitrary. It is believed that the composition 
structure and relationships of this group are best expressed by the application of the 
name nickelian loellingite which is defined as an orthorhombic arsenide with an 
iron ratio less than 85 per cent and nickel dominant over cobalt. 

Tron-CoBALT Monociinic ARSENIDES—SAFFLORITE: It has been assumed that 
there exists a pure cobaltorthorhombic arsenide, and the term safflorite has been widely 
and consistently used as the name of the cobalt end member of an allegedly unlimited 
isomorphous series of orthorhombic arsenides; the other end members are rammels- 
bergite and loellingite. However, no analyses of an “orthorhombic” arsenide with 
a cobalt ratio higher than 81.8 and only two with a cobalt ratio higher than 64.9 
have been reported. This mineral was not recognized as distinct from Speiskobalt 
until Breithaupt (1835) established the Faserigen Weissen Speiskobalt as wohl rhom- 
bisch and assigned it the name Safforit. The mineral has been known by other 
names such as Eisenkobaltkies, Arsenkobalteisen, Eisenspeiskobalt, and Eisenko- 
balterz, which clearly indicate the dominant or essential part iron plays in its com- 
position. 

The evidence from various sources points to the nonexistence of a pure cobalt 
“orthorhombic” arsenide. The data on published analyses offer no valid evidence 
for the existence of “orthorhombic” arsenides with a cobalt ratio much greater than 
75 per cent. The two “orthorhombic” arsenides with a cobalt ratio greater than 
64.9 are admittedly inhomogeneous with a fictitious high cobalt ratio. Not only do 
these cobalt-iron “orthorhombic” arsenides fail to reach the cobalt end of the dia- 
gram, but they are remarkable for their low nickel content. The nickel ratio in no 
case exceeds 6.2 per cent. 

The name safflorite, as used here, applies to the iron-cobalt “orthorhombic” 
arsenides with approximately equal proportions of the two metals. Although there 
is a clustering of analyses of “orthorhombic” arsenides in the middle portion of the 
cobalt-iron side of the triangle, there are scattered analyses of these minerals overa 
considerable range on either side of the mid-point. Peacock (1944) has shown that 
the safflorite from Nordmark, Sweden, cobalt-nickel-iron ratio 44.3-.7-55.0i 
monoclinic with rectangular axes. This is a safflorite with nearly equal amounts of 
cobalt and iron. How far the proportions of the two metals can deviate from equality 
without destroying the monoclinic symmetry is not known. 

In the absence of available data on the extent of cobalt-iron substitution in these 
monoclinic arsenides the boundary between cobaltian loellingite and safflorite has 
been placed arbitrarily at the 70 per cent iron line. The cobalt limit has been 
drawn just beyond the 70 per cent cobalt line, embracing all but two of the known 
analyses of cobalt-rich “orthorhombic” arsenides. 


Use of hyphenated names for the “orthorhombic” arsenides.—It has become common 
practice especially since the advent of the polarizing reflecting microscope to refer to 
an anisotropic arsenide for which no analysis is available as “safflorite-rammes 
bergite,” “safflorite-loellingite,” or “a member of the safflorite-rammelsbergite 
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gries”. It is apparent that the use of these hyphenated terms involving the name 
rammelsbergite is in error since the rammelsbergite group is clearly distinct and 
separate from the iron-bearing orthorhombic arsenides, the isomorphism being dis- 
continuous. Since the isomorphism is discontinuous, there is no such thing as a 
“safforite-rammelsbergite” or “‘safflorite-rammelsbergite series”. The tendency to 
use such terms as safflorite-loellingite indicates the lack of a clean-cut distinction 
between the minerals of these two groups. However, the recognition of the mono- 
clinic character of safflorite precludes the use of such a hyphenated term for the 
members of the safflorite and loellingite groups. 
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